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Temperature  and  Structure  Dependence  of  the 
Flexural  Strength  and  Modulus  of  Freshwater  Model  Ice 

ANTHONY  J.  OOW,  HERBERT  T.  UEDA, 

JOHN  W.  OOVONI  AND  JOHN  KALAFUT 


INTRODUCTION 

Previous  investigations  by  Oow  et  al.  (1978)  of 
the  flexural  strength  of  large  beams  of  lake  ice 
have  indicated  that  the  strength  of  the  ice  depends 
appreciably  on  its  crystalline  composition  and 
temperature.  This  work,  carried  out  mainly  on  SI 
ice  sheets  composed  of  macrocrystalline  ice,  over- 
lain  by  fine-grained  snow  ice,  showed  two  things. 
First,  that  simply  supported  beams  yielded  much 
higher  flexural  strengths  than  the  same  beams  test¬ 
ed  in  the  cantilever  mode  (this  behavior  was  attrib¬ 
uted  to  the  existence  of  sizable  stress  concentra¬ 
tions  at  the  sharp-cornered  roots  c'  cantilever 
beams;  only  in  isothermal,  structurally  degraded 
ice  did  this  effect  disappear).  Second,  fine-grained 
ice  at  the  top  of  the  ice  sheet  reacted  more  strongly 
in  tension  than  coarser-grained  ice  at  the  bottom. 
The  ratio  of  strength  for  the  top  in  tension  to  that 
for  the  bottom  in  tension  occasionally  exceeded 
2.0,  but  averaged  between  1.2  and  1.6,  depending 
on  the  temperature  of  the  ice  sheet.  This  work  on 
large  ice  beams  has  now  been  extended  to  studies 
of  freshwater  model  ice  under  laboratory-con¬ 
trolled  conditions  using  a  combination  of  cantilev¬ 
er  and  simply  supported  beams  to  ascertain  the  de¬ 
pendence  of  the  flexural  behavior  of  the  ice  on  its 
crystalline  structure  and  temperature. 

Several  years  of  observations  of  the  crystalline 
structure  of  ice  sheets  forming  on  a  number  of 
New  England  lakes  indicate  that  only  two  major 
types  of  congelation  ice  are  formed  during  quiet 
freezing  of  lake  water.*  These  are  1)  ice  sheets 
composed  of  massive,  irregularly  shaped  crystals 


*  Lake  ice  sheet*  are  competed  typically  of  two  major  compon¬ 
ents,  snow  ice  and  lake  ice.  Snow  ice  forms  by  freezing  of 
water-soaked  snow  on  top  of  an  existing  ice  sheet,  whereas  iake 
ice  per  se  is  formed  by  direct  freezing  of  lake  weter  to  the 
underside  of  an  ice  sheet.  The  latter  ice  type  is  usually  referred 
to  as  congelation  ice. 


exhibiting  vertical  or  near-vertical  c-axes,  so- 
called  SI  ice  as  defined  by  Michel  and  Ramsder 
(1971),  and  2)  ice  sheets  composed  predominantly 
of  vertically  elongated  crystals  exhibiting  mainly 
horizontally  oriented  c-axes,  so-called  S2  or  co¬ 
lumnar  ice.  This  strong  relationship  of  the  size  and 
shape  of  ice  crystals  to  lattice  orientation  is  an  out¬ 
standing  example  of  orientation  texture  in  a  natu¬ 
ral  setting  and  is  discussed  in  greater  detail  in  Oow 
(1986). 

According  to  some  researchers  (e.g.,  Cherepan¬ 
ov  and  Kamyshnikova  1973),  the  thermal  regime 
of  the  water  as  it  is  about  to  freeze  is  the  critical 
determinant  of  orientation  texture.  According  to 
Cherepanov  (as  dted  in  Lavrov  1971),  SI  ice  is 
formed  when  the  temperature  of  the  water  be¬ 
neath  it  is  close  to  4°C.  However,  if  all  the  water  is 
cooled  to  0°C,  S2  type  ice  is  formed.  Apart  from 
Lavrov’s  own  experiments,  indicating  that  seeding 
or  not  seeding  the  water  immediately  prior  to 
freezing  might  be  just  as  important  as  the  temper¬ 
ature  regime  of  the  water,  little  if  any  systematic 
attempt  has  been  made  to  determine,  experimen¬ 
tally,  what  the  precise  nature  of  the  mechanisms 
are  that  control  orientation  texture  in  quietly  fro¬ 
zen  water. 


TEST  TANK  SIMULATION 

As  a  prelude  to  beam  testing  of  freshwater  mod- 
h  ice,  a  series  of  experiments  was  conducted  in  a 
refrigerated  test  tank  at  CRREL  to  evaluate  both 
the  effects  of  seeding  of  the  water  and  its  thermal 
condition  on  the  orientation  texture  of  ice  sheets. 
The  tank  measured  7  by  7  ra  and  was  filled  with 
water  to  a  depth  of  1.2  m.  The  water  contained  the 
same  concentrations  of  dissolved  solids  (4-8 
mS/m)  as  found  in  local  lakes.  A  circulating  pump 
installed  in  the  bottom  of  the  tank  was  used  to 
cool  the  water  column  uniformly  to  any  tempera- 


ture  below  4°C,  the  temperature  of  maximum 
density  of  fresh  water.  Water  temperatures  were 
measured  to  an  accuracy  of  ±0.2°C  with  the  aid 
of  two  thermocouple  strings  located  near  the  edge 
and  at  the  center  of  the  tank  respectively.  As  soon 
as  the  desired  isothermal  temperature  between  4 
and  0°C  had  been  achiev  ed,  the  pump  was  turned 
off  and  the  air  temperature  of  the  tank  lowered  to 
-20°C  to  promote  freezing.  Freezing  was  initiated 
either  by  spray-seeding  the  surface  of  the  water 
with  frozen  droplets  (using  a  high-pressure  nozzle 
directed  at  the  ceiling  of  the  tank)  or  by  allowing 
surface  crystallization  to  nucleate  spontaneously. 
Crystalline  texture  and  orientation  were  moni¬ 
tored  at  regular  intervals  during  the  growth  of  an 
ice  sheet,  mainly  through  examination  of  thin  sec¬ 
tions  using  a  microtome  technique  similar  to  that 
used  for  lake  ice  (Cow  1986),  sea  ice  (Qow  and 
Weeks  1977)  and  urea-doped  ice  (Cow  1984)  used 
in  simulation  studies  of  sea  ice. 


8.5  cm 


9.1cm 


Water  that  was  spray-seeded  prior  to  freezing  in 
the  tank  invariably  produced  S2  type  ice,  that  is, 
columnar  textured  ice  with  substantially  horizon¬ 
tal  c-axes.  Furthermore,  this  orientation  texture 
always  developed  regardless  of  the  thermal  condi¬ 
tion  of  the  water  column  prior  to  seeding.  We 
found  the  intensity  of  seeding  to  exercise  some 
control  on  crystal  size  initially— the  more  intense 
the  seeding  the  finer  grained  the  ice  at  the  top  of 
the  ice  sheet.  However,  the  thermal  regime  of  the 
water  column,  whatever  its  temperature  between  4 
and  0°C,  appeared  to  exercise  little  if  any  effect  on 
crystal  size  at  any  stage  of  growth  of  an  ice  sheet. 
In  all  seeded  ice  sheets,  the  mean  crystal  cross-sec¬ 
tional  diameter  increased  progressively  with  in¬ 
creasing  thickness  from  about  1-2  mm,  just  below 
the  seeded  ice  layer,  to  6-7  mm  at  the  bottom  of 
an  11-cm-thick  ice  sheet. 

We  observed  that  unseeded  or  spontaneously 
nucleated  ice  growth,  without  exception,  pro- 


Figure  1.  Vertical  thin  sections  of  crystal 
structure  in  naturally  frozen  lake  ice  (a 
and  b)  and  in  model  freshwater  ice  grown 
in  the  refrigerated  tank  at  CRREL  (c  and 
d).  In  the  experimentally  seeded  ice  (c),  the 
crystals  are  characteristically  columnar  and 
possess  substantially  horizontal  c-axis  (C *)  ori¬ 
entations.  In  unseeded  ice  (d),  massively  sized 
crystals  with  a  dominant  vertical  c-axis  fCv)  or¬ 
ientation  are  typical;  most  crystals  also  exhibit 
a  striated  appearance.  C*  type  crystals  may  oc¬ 
cur  at  the  top  of  unseeded  ice  sheets  but  are  us¬ 
ually  eliminated  rapidly  by  Cv  type  crystals. 
These  two  ice  types,  produced  by  the  si  nple 
expedient  of  seeding  or  not  seeding  the  water 
before  freezing  it,  can  be  seen  to  correspond 
very  closely  with  the  two  major  ice  crystal  tex¬ 
tures  observed  in  lake  ice. 
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Figure  2,  Typical  ke  growth  curves  for  sheets  grown  in 
the  CRREL  tank .  Average  growth  rates  are  39-38  mm/day 
and  are  typical  far  ambient  air  temperatures  of  - 20*C '. 


duced  macrocystalline  SI  ice  dominated  by  crys¬ 
tals  exhibiting  vertical  or  near-vertical  c-axes.  In 
bottom  ice  (ice  sheet  growth  in  the  tank  was  usual¬ 
ly  terminated  after  9-12  cm  of  thickness  was  at¬ 
tained),  the  cross-sectional  diameters  of  individual 
crystals  in  SI  type  ice  often  exceeded  the  lateral  di¬ 
mensions  of  the  thin  sections,  which  measured  10 
by  10  cm.  As  with  seeded  ice  sheets,  the  thermal 
regime  of  the  water  column  seemed  to  exert  no  sig¬ 
nificant  influence  on  the  texture  or  orientation  of 
crystals  in  SI  type  macrocrystalline  ice.  Full  de¬ 
tails  of  these  and  other  factors  affecting  orienta¬ 
tion  textures  in  quietly  frozen  water  are  reported 
in  Qow  (1986). 

As  demonstrated  in  Figure  1,  the  highly  con¬ 
trasted  structural  characteristics  of  SI  and  S2  ice 
grown  in  the  test  tank  corresponded  very  closely 
with  those  observed  in  congelation  lake  ice.  In  sev¬ 
eral  of  the  ice  sheets,  structure  was  examined  at  a 
number  of  widely  spaced  locations,  mainly  to  de¬ 
termine  if  a  particular  orientation  texture  was  be¬ 
ing  maintained  over  the  entire  ice  sheet.  No  signif¬ 
icant  deviations  in  structure  were  observed,  indi¬ 
cating  that  the  tank  was  large  enough  to  promote 
growth  of  ice  sheets  that  were  substantially  free  of 
edge  effects.  This  is  important  when  considering 
use  of  such  a  tank  to  grow  uniformly  textured  ice 
sheets  for  mechanical  properties  testing.  Another 
feature  of  ice  grown  in  the  tank  was  the  general 
absence  of  air  bubbles.  Apparently,  the  rate  of 
freezing  was  sufficiently  slow  (30-40  mm/day)  to 


ensure  rejection  of  virtually  all  dissolved  air  at  the 
ice/water  interface.  The  lack  of  air  bubbles  is  also 
reflected  in  density  measurements.  These  rarely 
yielded  values  less  than  0.913  Mg/m1,  equivalent 
to  porosities  of  less  than  0.5  W.  Representative  ice 
growth  curves  are  presented  in  Figure  2. 

Our  successful  fabrication  of  S2  and  SI  ice  in 
the  tank  at  CRREL— by  the  simple  expedient  of 
seeding  or  not  seeding  the  water  prior  to  freez¬ 
ing— gave  us  added  confidence  in  using  these  ice 
sheets  as  realistic  analogues  of  congelation  ice  for 
mechanical  properties  testing.  This  testing,  involv¬ 
ing  measurements  of  flexural  strength  and  strain 
modulus  of  small  beams  as  a  function  of  both  the 
temperature  and  orientation  texture  of  the  ice,  was 
begun  in  February  1983  and  completed  in  Novem¬ 
ber  of  the  same  year.  Preliminary  results  of  these 
measurements  are  presented  in  Gow  and  Ueda 
(1984). 


GROWTH  CHARACTERISTICS  OF 
EXPERIMENTAL  ICE  SHEETS 

Both  SI  (unseeded  macrocrystalline)  and  S2 
(seeded  columnar)  type  ice  sheets  were  investigat¬ 
ed  in  the  current  series  of  small  beam  tests.  Eight 
ice  sheets  (five  seeded,  two  unseeded  and  one  com¬ 
posed  of  seeded  and  unseeded  portions)  were 
grown  in  the  tank.  Three  of  these  ice  sheets  were 
dedicated  to  'he  investigation  of  stress  concentre- 


Figure  3.  Vertical  and  horizontal  thin  sections  of  seeded  columnar  S2  ice  structure  at  different  stages 
of  growth  in  ice  sheet  l,  photographed  between  crossed  poiaroids  to  delineate  the  outlines  of  individ¬ 
ual  crystals.  Scale  subdivisions  in  photographs  of  horizontal  thin  sections  of  this  and  subsequent  structure  fig¬ 
ures  measure  I  nut.  Note  the  very  substantial  increase  in  size  of  crystals  between  the  top  and  the  bottom  of  the 
ke  sheet,  a  very  aiaracterist It  feature  of  columnar  Ice  growth. 


tion  effects  at  the  roots  of  cantilever  beams.  Brief 
descriptions  of  the  growth  characteristics  and 
structure  of  the  individual  ice  sheets,  together  with 
some  pertinent  remarks  concerning  the  beam  tests 
themselves,  are  given  below. 

Ice  sheet  1 

This  ice  sheet  was  seeded  on  22  February  1983, 
with  the  water  in  the  tank  cooled  isotherm  ally  to 
1.5#C.  During  the  period  of  23-28  February,  the 
air  temperature  above  the  tank  (initially  set  at 
-20°C  to  promote  rapid  initial  freezing)  was  mod¬ 
erated  to  slow  down  ice  growth.  This  resulted  in 
no  change  in  the  texture  or  orientation  of  crystals 
in  the  ice  sheet,  which  remained  thoroughly 
transparent  (bubble-free)  throughout  its  entire 
thickness.  Beam  testing  was  begun  on  28  Febru¬ 


ary,  on  columnar-textured  ice  approximately  11 
cm  thick,  and  was  completed  on  7  March.  The  to¬ 
tal  number  of  beams  tested  was  38.  Results  of  flex¬ 
ural  strength  and  strain  modulus  measurements 
are  fully  tabulated  in  Appendix  A.  Examples  of 
the  crystalline  structure  of  this  S2  type  ice  sheet 
are  shown  in  Figure  3. 

Ice  sheet  2 

Water  in  the  tank  was  cooled  isothermally  to 
1.7°C  prior  to  seeding  on  25  March  1983.  Testing 
was  begun  on  28  March  and  completed  on  4  April, 
by  which  time  a  total  of  128  beams  had  been  test¬ 
ed.  Vertical  and  horizontal  structure  sections  of 
bubble-free  S2  type  ice  characterizing  this  particu¬ 
lar  ice  sheet  are  presented  in  Figure  4.  Results  of 
beam  measurements  are  fully  tabulated  in  Appen- 
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Figure  4.  Vertical  and  horizontal  thin  sections  of  seeded  (S2)  columnar  ice  from  two  different  loca¬ 
tions  on  ice  sheet  2.  The  crystal  structures  of  both  are  essentially  identical. 


dix  A.  During  testing  we  noted  that  simply  sup¬ 
ported  beams  tested  in  parallel  with  cantilever 
beams  tended  to  yield  off-center  breaks,  especially 
at  the  lowest  ambient  test  temperatures.  This  be¬ 
havior  appears  to  be  related  to  a  temperature 
gradient  effect  since  beams  allowed  to  equilibrate 
to  the  ambient  air  temperature  before  testing  (iso¬ 
thermal  beams)  only  occasionally  exhibited  off- 
center  failures. 

Ice  sheet  3 

In  this  instance  the  water  (previously  cooled  iso- 
thermally  to  2  0  °C)  was  allowed  to  nucleate  spon¬ 
taneously  without  seeding.  Ice  growth  was  initiat¬ 
ed  on  6  April  1983  and  yielded  an  SI  type,  bubble- 
free,  macrocrystalline  ice  sheet.  Actual  testing  of 
beams  began  on  9  April  and  was  terminated  on  14 


April.  This  series  of  tests  demonstrated,  apparent¬ 
ly  for  the  first  time,  that  Si  type  ice  was  apprecia¬ 
bly  stronger  in  the  cantilever  mode  than  S2  type 
ice  for  both  top  and  bottom  in  tension  tests.  Such 
a  difference  in  behavior  between  the  two  types  is 
attributed  to  a  change  in  failure  mechanism,  linked 
to  the  existence  of  large  crystals  having  vet  deal 
c-axes  in  SI  ice,  where  the  failure  plane,  on  the 
order  of  100  cm1  in  most  tests,  may  intersect  only 
one  or  two  crystals.  In  S2  ice  the  vertical  failure 
plane  rarely  intersected  less  than  20  crystals.  Total 
number  of  beams  tested  was  143.  Appendix  A 
contains  a  full  tabulation  of  data.  Representative 
structure  sections  are  presented  in  Figure  5. 

Ice  sheet  4 

This  ice  sheet  was  seeded  on  22  April  1983  after 
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Figure  5.  Vertical  and  horizontal  thin  sections  of  unseeded  macrocrystal¬ 
line  SI  ice  from  two  different  locations  on  ice  sheet  3.  " Striations "  within 
crystals  in  vertical  sections  and  the  "feathered”  substructure  of  crystals  in  hori¬ 
zontal  sections  are  typical  of  SI  type  ice.  Both  features  are  simply  optical  mani¬ 
festations  of  very  minor  offsets  of  the  crystal  lattice  orientaticn. 


the  water  in  the  tank  had  been  cooled  uniformly  to 
a  temperature  of  0.5  °C.  Beam  testing  was  con¬ 
ducted  during  the  period  25  April-5  May.  Investi¬ 
gations  of  this  bubble-free  ice  sheet  included  ex¬ 
periments  with  changing  the  beam  dimensions,  in¬ 
cluding  increasing  the  width  by  60%  with  respect 
to  the  thickness,  and  with  varying  the  length-to- 
thickness  ratio  from  7:1  to  10:1.  No  significant 
changes  in  the  flexural  strength  of  the  ice  were  ob¬ 
served  as  a  result  of  either  of  these  changes  in 
beam  dimensions.  The  total  number  of  beams  test¬ 
ed  was  1 14.  Vertical  and  horizontal  structure  sec¬ 
tions  from  two  different  parts  of  the  ice  sheet  are 
shown  in  Figure  6.  Data  sets  tor  the  several  bat¬ 
teries  of  tests  are  tabulated  in  Appendix  A. 

Ice  sheet  5 

The  tank  water  was  cooled  isothermally  to 


2.5  °C  and  the  surface  then  allowed  to  nucleate 
spontaneously  without  external  seeding  on  13  May 
1983.  Beam  testing  was  begun  on  18  May  and 
completed  by  23  May.  The  total  number  of  beams 
tested  was  1 15  and  data  on  the  dimensions,  flexur¬ 
al  stength  and  strain  modulus  are  included  in  Ap¬ 
pendix  A.  Structure  sections  demonstrating  the 
macrocrystalline,  bubble-free  nature  of  this  SI 
type  ice  sheet  are  shown  in  Figure  7. 

Ice  sheet  6 

This  was  a  two-part  sheet  consisting  of  seeded 
and  unseeded  portions.  On  3  June  1983,  after  cir¬ 
culating  the  water  to  an  isothermal  temperature  of 
0.8 °C,  we  cove  ed  half  of  the  tank  with  a  plastic 
sheet  while  the  other  half  was  seeded  to  initiate 
growth  of  S2,  columnar-textured  ice.  As  soon  as 
seeding  was  completed  the  plastic  sheet  was  re- 


Figure  8.  Vertical  thin  section  from  ice  sheet  6  showing  the 
transition  between  seeded  ( S2 )  and  unseeded  (SI)  ice  types. 
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Figure  9.  Vertical  and  horizontal 
thin  sections  from  seeded  and  un¬ 
seeded  parts  of  ice  sheet  6. 


moved  and  the  unseeded  water  allowed  to  nucleate 
spontaneously.  This  composite  bubble-free  ice 
sheet  was  the  first  of  three  ice  sheets  to  be  used  to 
evaluate  stress  concentration  effects  at  the  roots  of 
sharp-cornered  cantilever  beams.  These  tests  in¬ 
volved  the  drilling  of  10-  and  20-cm-diameter 
stress  relief  holes  at  the  fixed  ends  of  the  beams. 
Tests  were  begun  on  6  June  and  completed  9  June. 
A  total  of  53  beams  was  tested.  Detailed  data  for 
all  tests  are  presented  in  Appendix  A.  A  vertical 
structure  section  fiom  the  S1-S2  transition  region 
is  shown  in  Figure  8.  Representative  sections  of  SI 
and  S2  type  ice  are  presented  in  Figure  9. 

Ice  sheet  7 

A  seeded  ice  sheet  was  produced  from  water 
cooled  uniformly  to  3.0°C  prior  to  freezing  on  8 
July  1983.  Beginning  11  July,  further  tests  were 


made  on  stress  riser  effects  at  the  fixed  ends  of 
cantilever  beams.  A  total  of  61  beams  was  tested 
before  tests  were  concluded  on  14  July.  Full  data 
sets  are  included  in  Appendix  A.  Typical  examples 
of  the  columnar-textured,  bubble-free  structure  of 
this  ice  sheet  are  shown  in  Figure  10. 

Ice  sheet  8 

Water  in  the  tank  was  cooled  uniformly  to 
2.2°C  prior  to  seeding  on  4  November  1983.  Tests 
were  again  focused  on  evaluating  stress  concentra¬ 
tion  effects  at  the  fixed  corners  of  cantilever 
beams:  78  viable  beam  tests  were  conducted  dur¬ 
ing  the  period  7  to  9  November.  Full  data  sets  are 
given  in  Appendix  A.  Representative  thin  section 
photographs  of  crystal  structure  in  this  bubble- 
free  ice  sheet  are  shown  in  Figure  11. 
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Figure  11.  Vertical  and  horizontal  thin  sections  of  seeded  columnar  S2  type  ice  from  two 
different  locations  on  ice  sheet  8. 
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NATURE  OF  TESTING  PROGRAM 

Testing  entailed  measurements,  initially,  on 
cantilever  beams  that  were  divided  into  two 
groups:  those  tested  in  parallel  with  the  cantilever 
beams  (these  measurements  were  performed  in 
three-point  loading  immediately  following  the 
cantilever  tests  to  ensure  that  temperature  profiles 
in  the  ice  remained  the  same  for  both  kinds  of 
beam  tests),  and  those  beams  that  were  allowed  to 
equilibrate  to  the  ambient  air  temperature  to  facil¬ 
itate  testing  of  isothermal  beams.  Measurements 
were  conducted  at  ambient  air  temperatures  of  -1, 
-5,  -lOand  -19°C  on  a  total  of  730  beams.*  These 


*The  number  of  beams  actually  prepared  exceeded  800  but  be¬ 
cause  of  accidental  breakage,  instrument  malfunctions,  etc., 
useful  data  were  obtained  on  730  beams  only. 


included  312  cantilever  tests,  166  beams  tested  in 
the  simple  support  mode  in  parallel  with  the  canti- 
liver  beams  and  simple  support  tests  of  252  iso¬ 
thermal  beams. 

The  intrinsic  value  of  cantilever  beam  tests  is 
that  they  ere  carried  out  in  situ  and  are  relatively 
easy  to  do.  Because  such  tests  take  account  of  any 
effect  of  temperature  gradients*  in  an  ice  sheet, 
they  also  furnish  direct  measurements  of  the  flex¬ 
ural  strength  of  the  ice,  provided  due  considera- 


*In  in-situ  tests  of  this  kind,  the  ultimate  strength  of  the  ice 
sheet  must  be  related  in  some  degree  to  temperature  gradients 
resulting  from  differences  in  temperature  between  the  top  of 
the  ice  sheet  and  the  bottom,  which  must  necessarily  be  at  0°C. 
For  example,  at  an  ambient  ah'  temperature  of  -19°C  in  ice 
10-12  cm  thick,  the  temperature  gradient  effect  should  be  a  sig¬ 
nificant  factor  in  determining  the  precise  manner  of  tensile  fail¬ 
ure,  and  hence,  the  flexural  strength  of  the  ice. 
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tion  is  given  to  possible  stress  concentration  ef¬ 
fects  at  the  fixed  ends  of  cantilever  beams.  Testing 
the  same  beams  in  the  simple  support  mode  should 
suppress  any  stress  riser  effects.  Accordingly,  dif¬ 
ferences  in  flexural  strength  between  cantilever 
beams  and  the  same  beams  tested  in  the  simply 
supported  mode  should  at  least  indicate  the  extent 
of  the  stress  concentration  effect  at  the  root  of  the 
cantilever  beams,  a  major  consideration  of  results 
presented  in  this  report.  The  main  purpose  of 
measuring  the  flexural  strengths  of  isothermal 
beams  of  SI  and  S2  ice  was  to  evaluate  the  effects 
of  grain  size  and  crystal  orientation  changes  as  a 
function  of  ice  temperature.  Additionally,  results 
of  these  tests  on  isothermal  beams  and  those  ob¬ 
tained  on  simply  supported  beams,  tested  in  paral¬ 
lel  with  cantilever  beams,  were  used  to  assess  tem¬ 
perature  gradient  effects. 


EXPERIMENTAL  TECHNIQUES 
Beam  preparation 

After  scribing  the  desired  beam  arrangement  on 
the  ice  surface  with  a  chisel,  we  used  a  small  elec¬ 
tric  circular  saw,  capable  of  cutting  ice  12  cm 
thick,  to  prepare  beams  with  straight  parallel  and 
vertical  sides  (Fig.  12).  In  practice  the  circular  saw 


was  used  to  cut  to  a  depth  of  about  three  quarters 
of  the  ice  thickness,  a  coarse-toothed  timber  saw 
then  being  used  to  cut  the  remaining  quarter. 

Cantilever  beam  breaker 
The  cantilever  beam  breaker  (Fig.  13)  consisted 
basically  of  a  manually  operated  screwjack  with  a 
threaded  rod  of  1.6  mm  (0.063  in.)  pitch  pushing 
on  a  spring-loaded  plunger.  The  plunger  was  fitted 
with  an  Interface  Model  SM-100,  445-N  (100-lb) 
capacity  load  cell,  to  which  a  C-shaped  member 
“was  attached  and  loosely  clamped  to  the  free  end 
of  the  cantilever  beam.  With  this  device  cantilever 
beams  could  be  tested  in  either  the  pull-up  (bot¬ 
tom  in  tension)  or  push-down  (top  in  tension) 
modes.  The  screwjack  assembly  was  attached  to  a 
frame  that  could  be  clamped  firmly  to  one  of  a 
pair  of  heavy  31-cm  (12-in.)  I-beams  spanning  the 
center  of  the  tank.  The  tank  was  large  enough  to 
allow  about  40  beams  to  be  cut  and  tested  on  each 
side  of  the  I-beams.  Temperatures  at  the  tops  of 
beams  were  measured  with  either  dial  stem  ther¬ 
mometers  accurate  to  -0.5  °C,  or  mercury  ther¬ 
mometers  with  a  measurement  precision  of  -0.2  °C. 
Bottom  ice,  naturally,  remained  at  0°C.  A 
Schaevitz  LVDT  (Linear  Variable  Differential 
Transformer)  with  a  sensitivity  of  3.2  V/mm  was 
used  to  measure  beam  tip  deflections.  The  measur- 


Figure  12.  Technique  used  to  prepare  ice  beams  with  straight  ver¬ 
tical  and  parallel  sides.  In  this  instance  beams  are  being  prepared  for 
in-situ  cantilever  testing,  followed  by  testing  in  the  simple  support  mode. 
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Figure  13.  Experimental  setup  for  measuring  flex¬ 
ural  strengths  and  strain  moduli  of  cantilever 
beams.  This  apparatus,  clamped  firmly  to  the  I-beam 
spanning  the  tank,  permits  testing  in  both  the  push¬ 
down  and  pull-up  modes. 


Figure  14.  Closeup  of  beam  deflection  measuring 
device.  Device  is  moved  to  the  free  end  of  the  beam  im¬ 
mediately  before  testing.  Deflections  are  measured  rela¬ 
tive  to  the  uncut  ice  adjoining  the  cantilever  beam. 


ing  device  is  shown  being  positioned  in  Figure  14. 
Measurements  were  made  relative  to  the  uncut, 
adjoining  ice. 

The  design  of  the  beam  breaker  permitted  the 
rate  of  beam  loading  to  be  controlled  readily  by 
the  operator  cranking  the  handle  of  the  screw- 
jack.  The  majority  of  beams  were  loaded  to  fail¬ 
ure  in  less  than  1  second  (the  time  from  load  take- 
up  to  failure).  Signals  from  the  load  cell  and 
LVDT  were  transmitted  to  a  Vishay  BA-4  signal 
conditioner  and  recorded  versus  time  on  a  two- 
channel  Gould-Brush  222  strip  chart  recorder.  A 
typical  example  of  data  output  is  shown  in  Figure 
15. 

Cantilever  beam  lengths  averaged  105-110  cm 
and  the  ratio  of  length  to  width  to  thickness  aver¬ 
aged  10:1:1.  Measurements  in  which  this  ratio  was 
changed  to  7:1:1  in  one  battery  of  tests,  and  to 
10:1.6:1  in  another,  yielded  no  significant  changes 
in  calculated  values  of  either  the  flexural  strength 
or  strain  modulus. 


Flexural  strength,  S,  and  strain  modulus,  E, 
were  calculated  from  simple  elastic  beam  theory 
using  the  equations: 


=  ^Y- 

w\h  J  d 


where  P  =  failure  load 

L  =  length  of  the  beam  from  point  of  fail¬ 
ure  to  the  point  of  load  application 
w  =  width  measured  at  the  failure  plane 
h  =  thickness  measured  at  the  failure  plane 
d  =  beam  tip  deflection  at  failure. 

The  calculated  values  of  flexural  strength  and 
strain  modulus  are  estimated  to  be  accurate  to 
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of  departures  from  an  isotropic,  homogeneous 
medium— for  instance,  grain  size  variations  and 
crystal  orientation  changes  in  the  ice.  Since  the 
measurement  techniques  closely  followed  the 
guidelines  recommended  by  Schwarz  et  al.  (1981) 
for  small  beam  testing  per  se,  the  data  obtained  in 
the  current  series  of  tests  are  considered  to  repre¬ 
sent  reasonable  index  values  of  the  flexural  char¬ 
acteristics  of  freshwater  model  congelation  ice 
sheets  grown  in  the  CRREL  tank. 


Figure  15.  Load-time  and  deflection-time  records 
for  cantilever  beam  21  from  ice  sheet  2  tested  with 
bottom  in  tension.  Time  to  failure  was  0.45  seconds. 


±4%.  However,  these  values  are  necessarily  sub¬ 
ject  to  certain  assumptions  implicit  in  the  formula¬ 
tion  of  eq  1  and  2.  These  assumptions,  particularly 
those  concerning  the  homogeneity  and  isotropic 
condition  of  the  material  being  tested,  are  rarely 
satisfied  in  either  natural  or  laboratory-grown  ice 
sheets.  Indeed,  a  major  aim  of  the  present  work 
was  to  assess  the  effect,  on  flexural  characteristics. 


Breaker  for  limply  supported  beams 

This  device  (Fig.  16)  consisted  of  an  I-beam 
main  frame  with  two  cylindrical  reaction  bars  that 
could  accommodate  beams  between  71  and  102  cm 
long.  A  three-point*  loading  arrangement  was 
used  in  which  force  was  applied  to  the  center  of 
the  beam  by  means  of  a  manually  operated  worm- 
gear  screwjack,  having  a  4450-N  (1000-lb)  capac¬ 
ity,  and  attached  to  the  midpoint  of  the  main 

•Four-point  loading  it  generally  advocated  on  the  assumption 
that  such  an  arrangement  eliminates  the  shear  stresses  in  the 
length  of  beam  between  the  applied  loads,  and  that  the  maxi¬ 
mum  moment  occurs  along  the  length  of  beam  between  the  ap¬ 
plied  loads  and  not  at  a  tingle  paint.  However,  Timco  and 
Frederking  (1962),  in  tests  on  similar  freshwater  ice  sheets,  ob¬ 
served  no  significant  differences  in  strength  between  three-and 
four-point  loading  arrangements. 


Figure  16.  Breaker  for  simply  supported  beams,  with  deflection  de¬ 
vice  in  place,  in  readiness  for  test.  Breaker  is  designed  for  three-point 
loading  and  can  accommodate  beams  71  to  102  cm  long  with  width  and 
thickness  dimensions  of  up  to  14  cm. 


Figure  17.  Load-time  and  deflection- 
time  records  for  simply  supported 
beam  8  from  ice  sheet  3  tested  with 
top  in  tension.  Time  to  failure  was  0.7 
seconds. 


frame,  which  itself  was  clamped  firmly  to  a  31 -cm 
I-beam  spanning  the  center  of  the  tank.  Force  was 
distributed  across  the  width  of  the  beam  through  a 
transverse  bar.  A  2230-N  (500-lb)  capacity  Inter¬ 
face  Model  SM-500  load  cell  located  between  the 
screwjack  and  distribution  bar  was  used  to  sense 
the  load.  One  turn  of  the  screwjack  provided  1.27 
mm  of  vertical  displacement.  With  this  setup,  time 
to  failure  from  initial  takeup  of  the  load  required 
less  than  1  second.  Center  deflections  were  mea¬ 
sured  with  the  same  LVDT  that  we  used  for  the 
cantilever  beams.  The  LVDT  was  attached  to  a 
bar,  supported  by  two  legs  resting  on  the  beam  di¬ 
rectly  above  each  reaction  point;  it  was  located 
slightly  to  the  side  of  the  transverse  bar  so  as  not 
to  interfere  with  the  loading  mechanism. 

As  with  the  cantilever  tests,  the  load  cell  and 
transducer  signals  were  transmitted  to  a  two-chan¬ 
nel  strip  chart  recorder.  A  typical  example  of  data 
output  from  a  three-point  loading  test  is  shown  it. 
Figure  17.  The  length-to-width-to-thickness  ratio 
of  simply  supported  beams  averaged  9:1:1.  The 
flexural  characteristics  of  beams  were  calculated 
on  the  basis  of 


S  = 


3  PL 
2  wh  * 


(3) 


those  for  eq  1  and  2.  In  the  case  of  simply  support¬ 
ed  beams,  L  is  the  distance  between  the  two  end 
supports  (beam  span)  and  d  is  the  mid-point  de¬ 
flection  at  failure.  The  weight  of  the  beam  was  al¬ 
so  taken  into  account  when  we  calculated  its  flex¬ 
ural  strength  and  strain  modulus,  the  values  of 
which  are  estimated  to  be  accurate  to  ± 5W.  Peri¬ 
odic  measurements  of  temperatures  at  the  tops 
and  bottoms  of  beams  were  made  with  mercury 
thermometers  having  a  measurement  precision  of 
±0.2°C. 


RESULTS  AND  DISCUSSION 
Caa  llever  beams 

Detailed  results  for  all  beams  tested  in  the  cur¬ 
rent  series  of  measurements  are  included  in  Ap¬ 
pendix  A.  Averaged  values  for  individual  ice 
sheets  are  listed  in  Table  1  (flexural  strength)  and 
Table  2  (strain  modulus).  Weighted  averages  of 
flexural  strength  and  strain  modulus  for  both  SI 
and  S2  ice  sheets  at  the  four  test  ambient  air  tem¬ 
peratures  are  also  included  in  Tables  1  and  2  and 
these  data  are  plotted  in  Figures  18  and  19  respec¬ 
tively. 

Conventional  cantilever  beam  tests 

Results  of  conventional  cantilever  beam  tests  on 
S2  ice  (Fig.  18)  show  only  a  weak  dependence  of 
strength  on  surface  (temperatures  for  beams  tested 
with  the  top  in  tension,  flexural  strengths  increas¬ 
ing  from  about  700  kPa  at  -1  °C  to  only  about  900 


Ambient  Air  Temptrotu.e  (*C) 


and 


where  terms  in  these  equations  are  the  same  as 


Figure  18.  Variation  with  temperature  of  the  flex¬ 
ural  strength  of  cantilever  beams  of  SI  and  S2  ice. 
Symbols  T  and  B  refer  to  top  and  bottom  in  tension  tests 
respectively.  Note  that  in  bottom  in  tension  tests,  tem¬ 
peratures  of  the  fiber  in  tension  are  necessarily  at  0nC. 
Number  of  beams  used  to  determine  average  flexural 
strength  values  for  each  data  point  are  also  indicated. 
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Table  1.  Average  flexural  strengths  (kPa)  of  cardie ver  beams 


Ambient 

temperature  _ Seeded  ice  sheets _  Unseeded  kt  sheets  _ Overate 


ro  no.  i 

No.  2 

No.  4 

No.  7 

No.  a 

No.  3 

No.  5 

No.  6 

Seeded 

■1  1"'  < 

- 1 

622* 

754 

711 

9S8 

997 

687  ± 

81 

975  ±  132 

689t 

789 

743 

1040 

10S3 

741  ± 

84 

IU45  ±  147 

686 

7S4 

-  5  714 

673 

904 

888 

907 

871 

735  ± 

121 

891  ±  104 

— 

70S 

812 

1 16S 

1297 

954 

743  ± 

67 

1181  ±  183 

724 

77S 

— 

717 

-10 

734 

766 

824 

1133 

786  ± 

89 

943  ±  183 

739 

81S 

1188 

1212 

767  ± 

75 

1199  ±  106 

90S 

74S 

-19 

8S9 

946 

922 

940 

903  ± 

107 

930  ±  237 

680 

874 

1164 

1062 

745  ± 

134 

1123  ±  167 

Total 

beams  12 

67 

40 

7 

19 

60 

40 

4 

145 

104 

*  Top  in  tension, 
t  Bottom  in  tension. 

Ambient 

temperature 

rej 

Table  2.  Average  strain  modulus  (GPa)  of  cantilever  beams. 

Seeded  ice  sheets  Unseeded  ice  sheets  Averate 

No.  1 

No.  2 

No.  4  No.  7 

No.  8 

No.  3 

No.  3 

No.  6 

Seeded 

Unseeded 

-  1 

4.4* 

5.2 

5.4 

5.8 

4.9  ±  0.6 

5.6  ±  0.9 

4.1 1 

4.6 

5.7 

5.6 

4.4  ±  0.4 

5.7  ±  0.4 

-  5 

4.' 

4.4 

6.6 

6.1 

4.6 

4.3  ±  0.7 

6.3  ±  0.9 

— 

4.7 

6.8 

5.8 

5.6 

4.7  ±  0.9 

6.3  ±  0.9 

-10 

4.6 

4.9 

5.4 

4.5 

6.8 

6.0 

4.7  ±  0.9 

6.4  ±  1.2 

5.0 

4,5 

6.1 

5.1 

4.6  ±  0.4 

5.7  ±  0.8 

-19 

_ 

4.9 

5.4 

6.o 

4.9  ±  0.4 

5.6  ±  0.9 

;  o 

4.9 

5.7 

4.9  ±  0.4 

5.4  +  1.2 

Total 

be  ms 

11 

31 

38 

19 

56 

37 

1 

99 

97 

*  Top  in  tension, 
t  Bottom  in  tension. 
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Figure  19.  Strain  modulus  data  of  cantilever 
beams  of  SI  and  S2  ice  versus  temperature 
measured  at  the  top  of  the  ice  sheet.  Symbols 
T  and  B  refer  to  top  and  bottom  in  tension  tests 
respectively. 


kPa  at  -19°C.  For  beams  tested  with  their  bot¬ 
toms  in  tension  (tension  fiber  at  0°C),  flexural 
stength  showed  even  less  dependence  on  tempera¬ 
ture,  strengths  remaining  remarkably  constant  at 
around  7S0  kPa  over  the  same  range  of  ambient 
air  temperatures.  Part  of  the  increased  strength 
shown  by  beams  tested  with  the  top  in  tension  may 
reflect  the  effect  of  the  smaller  grain  size  in  the 
tops  of  S2  (columnar-textured)  ice  sheets  with  de¬ 
creasing  test  temperatures.  Beams  of  S2  ice  char¬ 
acteristically  failed  in  vertical  planar  fashion. 
When  viewed  in  reflected  light,  the  individual  out¬ 
lines  of  columnar  crystals  could  be  clearly  deline¬ 
ated  on  the  fracture  surface. 

Timco  and  Frederking  (1982)  measured  an  aver¬ 
age  value  of  770  kPa  for  S2  ice  beams  tested  with 
top  in  tension  at  -10°C.  This  compares  very  close¬ 
ly  with  the  average  value  of  786  kPa  we  obtained 
on  17  beams  from  two  S2  type  ice  sheets  tested  at 
the  same  temperature.  Lavrov  (1971)  reports 
somewhat  higher  values  for  his  "structurally  sim¬ 
ulated  ice”  (S2  ice  equivalent),  on  the  order  of 
1100  kPa  for  beams  tested  at  -7  to  -5°C  with  the 
top  in  tension.  Neither  Timco  and  Frederking  nor 
Lavrov  tested  beams  with  bottoms  in  tension,  nor 
did  they  examine  the  flexural  strength  of  macro¬ 
crystalline  SI  ice  sheets. 

Tests  on  SI  ice  (Fig.  18)  also  failed  to  show  any 
really  systematic  change  in  strength  with  changing 
surface  air  temperature,  for  either  top  or  bottom 
in  tension  tests.  However,  SI  ice  tested  stronger 
overall  than  S2  ice.  Push-down  tests  (top  in  ten¬ 
sion)  averaged  around  950  kPa,  whereas  those 
beams  tested  in  the  puil-up  mode  (bottom  in  ten¬ 
sion)  ranged  in  strength  from  1000  to  1200  kPa. 
This  increased  strength  of  SI  type  ice  (approxi¬ 
mately  30-40%  greater  than  that  of  S2  ice)  reflects 
both  the  effects  of  the  near-perfect  vertical  c-axis 
alignments  of  crystals  in  SI  ice  and  the  very  large 


sizes  of  crystals  themselves.  In  bottom  in  tension 
tests,  for  example,  tensile  failure  frequently  in¬ 
volved  just  one  or  two  crystals  in  the  beam  cross 
sections.  This  approach  to  single  crystal  failure, 
which  often  promoted  conchoidal  fracture  sur¬ 
faces,  more  than  compensated  for  the  fact  that  the 
bottom  ice  was  at  or  close  to  0*C.  The  net  result  is 
that  SI  ice  with  bottom  in  tension  tested  the 
strongest  of  all  cantilever  beams.  This  obvious 
control  of  oriented  crystal  structure  in  enhancing 
the  flexural  strength  of  SI  ice,  together  with  the 
weak  to  virtual  non-dependence  of  strength  of 
both  SI  and  S2  ice  on  ambient  air  temperatures 
over  the  range  -1  to  -19°C,  are  the  most  striking 
features  of  the  cantilever  beam  tests  conducted  in 
the  CRREL  tank. 

In  these  and  other  tests  of  laboratory-grown  ice 
sheets,  the  flexural  strengths  of  cantilever  beams 
are  generally  much  higher  than  those  measured  in 
the  field.  For  example,  the  maximum  strengths 
measured  by  Gow  et  al.  (1978)  on  large  cantilever 
beams  of  lake  ice  never  exceeded  1000  kPa,  and 
these  were  only  observed  in  the  coldest  ice  that  was 
composed  of  snow  ice  with  grain  diameters  on  the 
order  of  1  mm.  Additionally,  Gow  et  al.  (1978)  re¬ 
ported  a  significant  decrease  in  the  flexural 
strength  of  the  ice  with  increased  exposure  to  ele¬ 
vated  air  temperatures  and  solar  radiation  during 
the  late  winter  and  spring.  This  exposure  leads  to  a 
degrading  of  the  ice  structure  that  in  the  extreme 
case  manifests  itself  in  the  form  of  grain  boundary 
melting  and  candling.  This  is  accompanied  by  sig¬ 
nificant  loss  of  strength  to  values  of  400  kPa  or 
less.  However,  such  behavior  was  not  observed  in 
any  of  the  ice  sheets  in  the  CRREL  test  tank,  not 
even  in  those  sheets  held  at  temperatures  cf  0°C 
for  extended  periods  of  time  nor  in  beams  re¬ 
moved  from  the  water  and  also  held  at  0°C  for 
long  periods.  Nor  did  the  ice  lose  structural  integ¬ 
rity— there  was  no  sign  of  crystal  boundary  modi¬ 
fication  or  candling,  for  example.  Such  observa¬ 
tions  strongly  suggest  that  solar  radiation  (not  a 
factor  in  an  indoor  tank)  is  a  major  influence  in 
promoting  candling  and  concomitant  loss  of  flex¬ 
ural  stength  in  natural  ice  covers.  This  point  was 
subsequently  demonstrated  when  blocks  of  ice 
were  taken  from  the  tank  and  found  to  undergo 
rapid  candling  when  exposed  to  sunlight  at  air 
temperatures  around  0°C. 

Our  conventional  cantilever  beam  tests  also  in¬ 
cluded  a  series  in  which  changes  in  the  dimensions 
of  beams  of  S2  ice  were  investigated  to  determine 
the  effect,  if  any,  of  such  changes  on  the  flexural 
properties  of  the  ice.  The  tests  were  similar  to 
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those  performed  by  Prederking  and  Timco  (1983) 
who  reported  that  the  flexural  strength  of  S2  ice  is 
essentially  independent  of  length  but  decreases 
with  increasing  beam  width.  The  results  of  beam 
length  change,  based  on  tests  from  ice  sheet  4  (28 
A.pril  test  series,  Appendix  A),  tabulated  below, 
jhow  a  slight  but  not  statistically  significant 
change  in  strength  for  a  L:  w:h  change  from  11:1:1 
to  8:1:1.  Data  are  in  accord  with  those  of  Freder- 
king  and  Timco  (1983). 


L'.w'.h 

L:w:h 

11:1:1 

8:1:1 

ST  =  754  kPa 

St=*777  kPa 

Sg* 796  kPa 

S  B  *  833  kPa 

where  B  indicates  bottom  in  tension  and  T  top  in 
tension.  Also,  measurements  involving  a  608%  in¬ 
crease  in  beam  width,  while  keeping  the  length  and 
thickness  constant  (25  April  test  series.  Appendix 
A),  resulted  in  no  significant  change  in  flexural 

strength  of  the  beams. 

L:w:h 

L:w:h 

10:1:1 

8:1.6: 1 

ST  =  766  kPa 

ST  =  741  kPa 

SB  a  770  kPa 

SB  *  807  kPa. 

This  result  might  seem  at  variance  with  the  report¬ 
ed  conclusion  of  Frederkicg  and  Timco  (1983) 
that  increasing  the  beam  width  decreases  the 
strength.  However,  an  inspection  of  the  data  in 
Figure  8  of  their  paper  shows  that  for  beam  width 
changes  of  between  one  and  two  times  the  beam 
thickness,  flexural  strength  actually  increased 
(from  about  750  kPa  to  nearly  1000  kPa)  before 
decreasing  progressively  to  about  500  kPa  at  beam 
widths  four  times  the  thickness 

These  observations  that  flexural  strength  is  not 
significantly  influenced  by  beam  width  changes  of 
between  one  and  two  times  the  beam  thickness 
help  resolve  a  difference  in  guidelines  for  small 
beam  testing  recommended  by  Schwarz  et  al. 
(1981)  and  Lavrov  (1971).  Whereas  Schwarz  et  al. 
recommended  that  beam  widths  should  measure 
one  to  two  times  the  beam  thickness,  Lavrov  ad¬ 
vocated  the  use  of  beams  with  a  square  cross  sec¬ 
tion.  Both  recommendations  appear  valid.  In 
most  of  the  tests  reported  here,  beams  with  a 
square  cross  section  were  used. 

Individual  measurements  of  strain  modulus  are 


listed  in  Appendix  A  and  averaged  values  for  can¬ 
tilever  beams  are  presented  in  Table  2.  Averaged 
values  of  strain  modulus  based  on  all  tests  at  the 
four  test  temperatures  are  plotted  in  Figure  19.  S2 
ice  showed  no  significant  differences  in  modulus 
between  top  or  bottom  in  tension  tests  at  any  tem¬ 
perature,  and  no  significant  trend  with  tempera¬ 
ture  per  se  was  observed  either.  Results  for  S2  ice 
then  are  that  strain  moduli,  ranging  between  4  and 
5  OPa,  are  essentially  independent  of  temperature 
over  the  range  -1  to  -19°C.  SI  ice  beams  similarly 
showed  no  significant  differences  in  modulus  be¬ 
tween  top  and  bottom  in  tension  tests  and  values 
again  appear  virtually  independent  of  tempera¬ 
ture.  However,  strain  moduli  of  SI  ice  are  appreci¬ 
ably  higher  than  those  of  S2  ice,  5  to  (  OPa  or  on 
the  order  10  to  208%  larger.  Lavrov  (1971)  report¬ 
ed  strain  moduli  of  about  2  OPa  for  beam 
strengths  of  1000-1100  kPa  in  S2  ice.  Timco  and 
Frederking  (1982)  reported  strain  moduli  of  1.6 
OPa  for  top  in  tension  tests  of  S2  ice  with  flexural 
strengths  of  about  770  kPa.  However,  Timco  and 
Frederking,  unlike  Lavrov  (1971),  found  no  de¬ 
pendence  of  strain  modulus  values  on  loading 
rate.  The  most  recent  data  are  from  Frederking 
and  Svec  (1985)  who,  while  measuring  flexural 
characteristics  of  freshwater  ice  in  an  outdoor 
pool,  obtained  strain  modulus  values  of  5.4  OPa 
for  fine-grained  ice  at  the  top  of  the  ice  sheet. 
These  data  are  similar  to  ours  (4  to  5  OPa)  that 
were  obained  on  fine-grained  congelation  ice  at 
the  tops  of  S2  ice  sheets.  Variations  between  the 
different  observers  probably  reflect  differences  in 
both  test  techniques  and  ice  types.  Lavrov  (1971), 
for  example,  appears  to  have  incorporated  results 
of  tests  from  both  laboratory-grown  and  natural 
ice  covers. 

Modified  cantilever  beam  tests 
In  addition  to  testing  conventional  cantilever 
beams,  we  also  dedicated  parts  of  three  ice  sheets, 
numbers  6,  7  and  8,  to  studies  of  stress  concentra¬ 
tion  effects  at  the  roots  of  modified  cantilever 
beams.  Evidence  for  the  existence  of  stress  con¬ 
centrations  has  been  obtained  mainly  from  field 
testing  of  large  cantilever  beams,  but  opinions  as 
to  the  magnitude  of  such  an  effect  vary  widely. 
Both  Butyagin  (1966)  and  Lavrov  (1971)  argue 
against  the  existence  of  significant  external  stress 
risers,  Butyagin  on  the  basis  of  comparative  tests 
of  cantilever  and  simply  supported  beams  that 
failed  to  show  any  significant  difference  in 
strength  between  the  two,  and  Lavrov  on  the  basis 
of  tests  on  cantilever  beams  with  their  root  sec- 
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tions  flared  to  reduce  externa)  stress  concentra¬ 
tions.  However,  Lavrov  observed  that  the  flexural 
strengths  of  simply  supported  beams  generally  ex¬ 
ceeded  those  of  cantilever  beams.  This  Lavrov  at¬ 
tributed  to  fundamental  differences  in  the  mech¬ 
anics  of  failure  of  simply  supported  and  cantilever 
beams. 

Gow  et  al.  (1978)  conducted  tests  on  both  canti¬ 
lever  and  simply  supported  beams  of  temperate 
lake  ice  and  found  that  the  ratio  of  flexural 
strength  of  cantilever  to  simply  supported  beams 
varied  from  1:1  at  cantilever  beam  strengths  of 
around  400  kPa  to  1:2  for  cantilever  beam 
strengths  of  900  kPa  (the  same  beams  tested  in  the 
simple  support  mode  failing  at  about  1800  kPa). 
This  behavior  was  attributed  to  the  effect  of  stress 
concentrations  at  the  sharp-cornered  roots  of  can¬ 
tilever  beams,  with  the  maximum  effect  occurring 
in  cold  ice  substantially  free  of  structural  imper¬ 
fections.  This  explanation  implied  that  the  magni¬ 
tude  of  the  stress  concentration  effect  depends  on 
both  the  thermal  and  structural  condition  of  the 
ice,  and  that  in  ice  that  has  undergone  extensive 
thermal  degradation,  leading  to  loss  of  cohesion 
between  the  grains  and  crystals  of  ice,  the  stress 
riser  effect  may  be  eliminated  altogether.  Mlitit- 
tKnen  (1976),  working  with  beams  of  brackish 
water  ice,  found  that  cantilever  beams  with  a  large 
radius  of  curvature  at  the  root  were  about  30% 
stronger  than  sharp-cornered  conventional  beams. 
Gow  and  Ueda  (1984),  experimenting  with  fresh¬ 
water  model  ice,  also  reported  significant  increas¬ 
es  in  flexural  strength  of  cantilever  beams  when 
their  roots  were  rounded  out  by  drilling.  Freder- 
king  and  Svec  (1985),  conducting  tests  on  35-cm- 
thick  ice  in  a  large  outdoor  pool,  also  found  that 
cantilever  beams  with  holes  drilled  at  the  roots 
tested  approximately  25%  stronger  than  beams 
with  roots  terminated  by  parallel  saw  cuts. 

To  evaluate  stress  concentration  effects  in  the 
current  series  of  tests,  measurements  were  made  in 
which  the  normally  sharp  corners  produced  by 
parallel  saw  cuts  at  the  roots  of  conventional  can¬ 
tilever  beams  were  filleted  by  drilling  20-cm -diam¬ 
eter  holes.  We  prepared  these  beams  by  first  drill¬ 
ing  20-cm-diometer  holes  at  intervals  of  30  cm  be¬ 
tween  centers  and  then  making  parallel  saw  cuts 
perpendicular  to  the  holes  so  as  to  intersect  adja¬ 
cent  drill  holes  tangentially.  This  arrangement,  in¬ 
cluding  the  preparation  of  conventional  cantilever 
beams  alongside  those  with  modified  roots,  is  de¬ 
picted  in  Figure  20.  A  total  of  83  beams  was  test¬ 
ed,  including  54  beams  with  filleted  roots,  1 1  of 
which  consisted  of  SI  ice  and  the  remaining  43  of 


Figure  20.  Layout  of  beams  used  to  investigate  stress 
concentration  effects  at  the  roots  of  cantilever 
beams.  Arrows  indicate  usual  locations  at  which  feiture 
occurred  for  (al  filleted  and  (b)  conventional,  sharp  c or- 
nered  beams . 


S2  ice.  All  beams  of  SI  ice  and  28  of  the  68  S2  ice 
beams  were  tested  at  an  ambient  air  temperature 
of  -5°C.  The  remaining  40  S2  ice  beams  were  test¬ 
ed  at  an  ambient  air  temperature  of  -1  °C. 

Filleting  the  roots  of  beams  invariably  resulted 
in  small  to  substantial  increases  in  flexural 
strength,  depending  on  the  structure  of  the  ice,  its 
temperature  and  the  particular  surface  in  tension. 
Results  (averaged  values)  ore  listed  in  Table  3. 
These  tests  in  effect  repeated  earlier  experiments 
by  Lavrov  (1971),  but  unlike  Lavrov's  results  our 
filleted  beams  generally  failed  some  distance  back, 
occasionally  as  much  as  5  cm  into  the  region  of 

Table  3.  Cantilever  beam  strengths  (kPa);  evalu¬ 
ation  of  stress  concentrations  at  boom  roots 
(number  of  tests  in  eoch  battery  is  shown  In  par- 


eatheses). 

Tost 

rc/ 

T  • 

*_jf 

T, 

Is 

T, 

1* 

Seeded  (82)  Ice 

-i 

699 

(9) 

939 

UD 

1.34 

749  863 
(10)  (11) 

1.13 

■5 

904 

(3) 

1199 

(«) 

1.33 

812  868 

(4)  (9) 

1.09 

Unseeded 

1(81)  Ice 

-5 

871 

Q) 

1166 

(3) 

1.34 

934  1229 
(2)  (4) 

1.29 

•  T,  -  unmodified,  top  in  tendon;  S, 

-  unmodified,  hot- 

ton  in  tendon;  Tm  -  modified,  top  in  tendon;  Bm  -  modi¬ 
fied,  bottom  in  tendon. 
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Talk  4.  Cantilever  beam  moduli  (GPa);  (cals  of  liras  cop* 
ccatratioas  at  beam  roots. 


Test 

l*mper«lurt 

ro 

Stt<M  (S3) 

UfamM  (SO 

T  • 

T, 

B. 

T. 

T, 

B, 

Blft 

-1 

4.9 

3.2 

4.3 

3.3 

S.S 

3.S 

4.1 

3.4 

— 

— 

— 

4.2 

-3 

— 

— 

— 

— 

4.6 

4.9 

3.6 

4.3 

•  r„  ■  uiunodifted,  (op  In  tension;  B,  «  unmodified,  bottom  in  tension; 
Tm  ■  modified,  top  in  tension;  £„  «  modified,  bottom  in  tension. 


curvature  (see  cover),  and  at  forces  up  to  two 
times  those  needed  to  cause  failure  of  conven¬ 
tional  cantilever  beams.  The  latter  beams  general¬ 
ly  failed  at  or  very  close  to  the  ends  of  the  saw 
cuts;  in  both  the  modified  and  conventional  beams 
the  failure  surface  was  vertical  and  planar. 

Tests  of  S2  ice  (see  Table  3)  show  the  same  de¬ 
pendence  of  strength  on  temperature  as  demon¬ 
strated  in  Figure  18,  with  both  modified  and  un¬ 
modified  beams  also  testing  strongest  when  the 
top  surface  was  placed  in  tension.  This  probably 
reflects  the  effects  of  smaller  grain  size  and  lower 
temperatures  at  the  top  of  the  ice  sheet.  As  a 
group,  filleted  beams  of  S2  ice,  made  to  fail  with 
their  tops  in  tension,  tested  30-35%  stronger  than 
unmodified  beams.  On  the  other  hand,  bottom  in 
tension  tests  yielded  much  smaller  differences  in 
strength,  filleted  beams  being  on  the  order  of 
7-15%  stronger.  The  results  of  our  top  in  tension 
tests  agree  very  closely  with  those  obtained  by 
Frederking  and  Svec  (1985),  who  also  found  that 
introducing  stress  relief  holes  at  the  roots  of  canti¬ 
lever  beams  increased  flexural  strength  by  25-30% 
over  that  of  conventional,  sharp-cornered  beams. 

Tests  of  SI  ice  beams  also  yielded  increased 
strengths  for  filleted  beams  on  the  order  of  30% 
for  both  top  and  bottom  in  tension,  very  similar  to 
those  of  S2  ice  beams  tested  with  top  in  tension. 

Modifying  the  roots  of  S2  ice  beams  also  ap¬ 
pears  to  exert  some  effect  on  the  strain  moduli, 
those  beams  with  stress  relief  holes  exhibiting 
lower  values  than  conventional  sharp-cornered 
cantilever  beams  (Table  4).  No  such  effect  was  ob¬ 
served  in  beams  of  SI  ice.  Results  obtained  on  S2 
ice  beams  with  top  in  tension  show  the  same  trends 
as  those  found  by  Frederking  and  Svec  (1985), 
who  measured  strain  moduli  of  5.4  GPa  for 
unmodified  beams  compared  to  values  of  about 
4.5  GPa  for  beams  with  stress  relief  holes  drilled 
at  the  roots. 


Parallel  w.  >ly  supported  beams 

This  group  of  beams  included  all  beams  tested 
in  parallel  with  cantilever  beams.  Tests  of  this 
kind  involved  transferring  the  cantilever  beams 
from  the  water  to  the  simply  supported  beam 
breaker.  The  actual  tests  were  conducted  in  less 
than  2  minutes  after  we  removed  the  beams  from 
the  water,  thereby  ensuring  minimal  changes  in 
the  thermal  condition  of  the  beams  (ambient  air 
temperature  at  the  top  of  the  beam,  with  the  bot¬ 
tom  at  or  very  close  to  0°C).  A  major  reason  for 
performing  these  tests  in  parallel  with  cantilever 
beams  was  to  evaluate  the  effects  of  stress  concen¬ 
tration  at  the  sharp-cornered  roots  of  cantilever 
beams;  s  ch  effects  should  not  exist  in  beams 
when  bot.i  ends  are  freely  supported.  A  second, 
but  no  less  important,  reason  for  carrying  out  par¬ 
allel  beam  tests  was  to  investigate  the  effects  of 
temperature  gradients  in  these  ice  beams  via  com¬ 
parisons  with  isothermal  beams  of  identical  crystal 
structure  tested  in  the  same  simple  support  mode. 

Most  (70%)  of  the  simply  supported  beams  in 
this  series  failed  directly  beneath  the  region  of 
load  application  as  transmitted  through  tho  trans¬ 
verse  loading  bar.  The  resultant  fracture  surfaces 
were  generally  vertical  and  planar,  the  only  excep¬ 
tions  occurring  with  off-center  breaks  where  frac¬ 
ture  planes  tended  to  be  curved  in  the  manner  de¬ 
picted  in  Lavrov  (1971,  p.  38).  However,  the  per¬ 
centage  of  off-center  breaks  tended  to  increase 
with  decreasing  ambient  air  temperature,  indicat¬ 
ing  that  differences  in  temperature  between  the 
tops  and  the  bottoms  of  beams  (temperature  grad¬ 
ient  factor)  might  influence  the  mechanism  of  fail¬ 
ure  and,  possibly,  the  ultimate  strength  rnained. 

Detailed  results  of  all  beams  tested  in  the  paral¬ 
lel  simple  support  mode  are  listed  beside  the  corre¬ 
sponding  cantilever  beam  data  in  Appendix  A. 
Averaged  values  of  flexural  strength  and  strain 
modulus  are  presented  in  Tables  5  and  7  respec- 
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Tabic  5.  Average  flexural  strengths  (ItPa)  of  parallel  simply  supported  beams. 


Ambient 

temperature  _ Seeded  ice  sheets _  Unseeded  ice  sheets _ Average 


lESM 

No.  1  No.  2 

No.  4 

No.  7  No.  8  No.  3 

No.  S  No.  6 

Seeded 

Unseeded 

- 1 

1469* 

1529 

1068 

1566 

1499  ±  85 

1276  ±  271 

846 1 

1006 

1066 

1359 

935  ±  117 

1163  ±  197 

-  5 

1361 

1215 

1386 

1586  ±  297 

1281  ±  139 

— 

1114 

1393 

1043  ±  147 

1215  ±  268 

1810 

1043 

-10 

1521 

1319 

1182 

1485 

1454  ±  292 

1292  ±  208 

899 

991 

1217 

1685 

922  ±  131 

1412  ±  316 

-19 

153'/ 

1788 

1064 

1462 

1621  ±  356 

1230  ±  242 

822 

1052 

1382 

1329 

673  j.  14C 

<764  +  1?7 

Total 

beams 

46 

21 

58 

35 

67 

93 

*  Top  in  tension, 
t  Bottom  in  tension. 


Figure  21.  Variation  with  temperature  of  the 
flexural  strength  of  limply  supported  beams  of 
SI  and  S2  ice  tested  in  parallel  with  cantilever 
beams.  Again,  temperatures  at  bottoms  of  beams  are 
at  or  very  close  to  O  C.  Symbols  T  and  B  refer  to  top 
and  bottom  in  tension  tests  respectively.  Number  of 
beams  tested  at  each  temperature  is  also  indicated, 


tively.  Weighted  averages  (obtained  by  combining 
average  values  of  individual  batteries  of  tests)  are 
plotted  as  a  function  of  temperature  in  Figure  21 
(flexural  strength)  and  Figure  22  (strain  modulus). 
Tests  in  which  failure  occurred  at  distances  of 
greater  than  10  cm  from  the  transverse  loading  bar 
(greater  than  10%  of  the  beam  span)  were  exclud¬ 
ed  from  the  averaged  values  listed  in  Tables  5  and 
7.  These  represented  less  than  5%  of  the  total 
number  of  beams  tested. 


Figure  22.  Strain  modulus  versus  tempera¬ 
ture  of  simply  supported  beams  tested  in 
conjunction  with  cantilever  beams.  Symbols 
T  and  B  refer  to  top  and  bottom  in  tension  tests 
respectively. 


Tests  of  columnar  type  (S2)  ice  showed  no  syste¬ 
matic  variation  of  flexural  strength  with  tempera¬ 
ture  or  temperature  gradient  for  either  top  or  bot¬ 
tom  in  tension  tests.  This  behavior  essentially  par¬ 
allels  that  observed  with  cantilever  beams.  Howev¬ 
er,  on  average,  S2-T  (top  in  tension)  beams  tested 
SO  to  100%  stronger  than  S2-B  (bottom  in  tension) 
beams.  Such  a  difference  in  strength  is  attributed 
primarily  to  grain  size  effects,  mean  cross-section¬ 
al  diameters  of  crystals  at  the  tops  of  S2  ice  sheets 


being  on  the  order  of  five  times  smaller  than  at  the 
bottom.  For  example,  even  at  the  -1°C  test  tem¬ 
perature  where  the  beams  are  practically  isotherm¬ 
al  (-1°C  at  the  top,  08C  at  the  bottom),  S2  T 
beams  were  on  the  order  of  60  Vo  stronger  than 
S2-B  beams. 

Tests  of  macrocrystalline  SI  type  ice  also 
showed  little  if  any  systematic  dependence  on  the 
temperature  of  the  fiber  in  tension.  This  was  par¬ 
ticularly  true  of  Sl-T  beams,  which  averaged 
1200-1300  kPa  over  the  entire  range  of  test  tem¬ 
peratures.  However,  these  strengths  are  about 
40%  higher  than  those  measured  on  S2-B  beams 
despite  the  fact  that  the  average  cross-sectional  di¬ 
ameter  of  crystals  in  the  tension  fiber  of  S2-B 
beams  is  an  order  of  magnitude  smaller  than  that 
of  Sl-T  beams.  Other  factors  being  equal,  small 
grain  size  should  have  led  to  greater  flexural 
strength.  The  apparently  contrary  behavior  ob¬ 
served  in  SI  ice  is  attributed  to  the  failure  charac¬ 
teristics  of  SI  ice  per  se,  in  which  the  majority  of 
crystals  exhibit  vertical  to  near-vertical  c-axis  ori¬ 
entation.  This,  the  crystal  orientation  effect,  is 
even  more  pronounced  in  the  case  of  Sl-B  tests, 
where  the  failure  plane  was  often  found  to  inter¬ 
sect  as  few  as  one  or  two  crystals.  Such  behavior, 
in  essence,  approximates  single  crystal  failure,  in 
which  the  fracture  plane  is  forced  to  propagate 
parallel  to  the  direction  of  c-axis  alignment,  which 
also  parallels  the  “hard  fail”  plane  of  single  ice 
crystals.  Not  infrequently,  failed  SI  ice  beams  ex¬ 
hibited  conchoidal  fracture  surfaces,  rather  than 
the  vertical  planar  type  fracture  surfaces  observed 
with  S2  type  ice  beams. 

Overall,  parallel  simply  supported  beams  tested 
stronger  than  the  corresponding  beams  tested  in 
the  cantilever  mode.  This  was  especially  true  of  S2 
ice  tested  with  top  in  tension,  in  which  the  strength 
difference  ratios  of  simply  supported  beams  to 
cantilever  beams  averaged  around  2.0,  i.e.,  simply 
supported  beams  were  approximately  twice  as 
strong  as  the  same  beams  tested  in  the  cantilever 
mode  (Table  6).  Other  strength  difference  ratios 
listed  in  Table  6  varied  between  1.03  and  1.44. 
These  results  are  especially  significant  in  regard  to 
our  earlier  tests  on  cantilever  beams,  in  which  the 
normally  sharp  corners  at  the  roots  of  the  beams 
were  modified  by  drilling  20-cm-diameter  holes  to 
provide  relief  from  stress  concentrations  (see  Ta¬ 
ble  3).  A  comparison  of  both  sets  of  data  (Tables  3 
and  6)  supports  the  contention  that  significant 
stress  concentrations  do  exist  at  the  roots  of  con¬ 
ventional  cantilever  beams.  In  macrocrystalline  SI 
type  ice,  the  drilling  of  holes  at  the  beam  rcMs  ap- 


Table  6.  Strength  difference  ratios  of  simply 
supported  beams  and  cantilever  beams  tested 
In  parallel. 

Test 


temperature  Seeded(S2)  Unseeded(Sl) 


ret 

Top * 

Bottom 

Top • 

Bottom 

-  i 

2.18 

1.26 

1.31 

1.13 

-  5 

2.16 

1.40 

1.44 

1.03 

-10 

1.8S 

1.20 

1.37 

1.21 

-19 

1.80 

1.17 

1.32 

1.21 

*  Tension  surface. 


pears  to  substantially  relieve  stress  risers  at  these 
locations.  This  situation  applies  to  both  top  and 
bottom  in  tension  tests  and  also  to  S2  type  ice  test¬ 
ed  with  the  bottom  in  tension.  However,  in  the 
case  of  S2  ice  beams  tested  with  the  top  in  tension , 
it  would  appear  that,  despite  drilling  relief  holes  at 
the  roots  of  the  beams,  stress  riser  effects  still 
dominate  tensile  behavior  in  filleted  beams.  Oth¬ 
erwise,  other  factors,  in  addition  to  stress  concen¬ 
trations,  need  to  be  invoked  to  explain  why  simply 
supported  beams  tested  with  top  in  tension  are 
60-70%  stronger  than  filleted  cantilever  beams 
with  identical  structural  and  thermal  characteris¬ 
tics.  Temperature  gradients  cannot  be  a  factor 
since  most  of  the  tests  were  conducted  at  -1  °C  am¬ 
bient  air  temperature. 

Lavrov  (1971)  would  attribute  such  differences 
in  the  behavior  of  simply  supported  and  cantilever 
beams  to  fundamental  differences  in  their  mech¬ 
anics  of  failure.  Lavrov  further  acknowledged 
that  the  bending  strength  of  a  simply  supported 
beam  should  exceed  that  of  the  cantilever  beam. 
He  also  determined,  mainly  from  large  beam  tests, 
that  the  bending  (flexural)  strength  of  an  ice  cover 
can  be  obtained  from  cantilever  beam  tests  by  sim¬ 
ply  multiplying  the  latter  by  a  correction  factor  of 
1.5.  This  kind  of  strength  difference  factor  is  in 
good  agreement  with  results  reported  here  for  SI 
ice  and  for  S2  ice  if  top  and  bottom  in  tension  tests 
are  averaged  (Lavrov  made  no  clear  distinction  be¬ 
tween  push-down  and  pull-up  tests  in  reporting  his 
results).  Similar  strength  difference  ratios  have  al¬ 
so  been  reported  for  large  lake  ice  beams  by  Gow 
et  al.  (1978). 

Our  measurements  of  the  flexural  strength  of 
freshwater  model  ice  are  also  of  interest  with  re¬ 
spect  to  urea  ice,  used  for  modeling  sea  ice,  and 
for  sea  ice  itself.  According  to  Timco  (1985)  there 
is  no  apparent  difference  in  flexural  strength  be- 
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Table  7.  Average  strain  modulus  (GPa)  of  parallel  simply  supported  beams. 


Ambient 

temperature 

no 

Seeded  ice  sheets 

Unseeded  Ice  sheets 

Average 

No.  1  No.  2 

No.  4  No.  7  No.  8 

No.  3 

No.  S  No.  6 

Seeded 

Unseeded 

- 1 

5.6* 

7.7 

6.5  ±  1.5 

5.1  + 

3.0 

4.9  ±  1.0 

-  5 

6  7 

4.7 

8.4 

6.7  ±  2.3 

6.1  ±  2.0 

— 

5.7 

8.3 

6.8  +  1.7 

-10 

2.9 

5.0 

5.4 

6.7 

3.7  ±  1.3 

5.8  ±  1.5 

2.7 

4.J 

5.2 

8.0 

3.2  ±  1.0 

6.6  ±  1.6 

-19 

5.0 

5.0  *:  1.6 

5.4 

5.4  ±  1.1 

Total 

beams 

IS 

10 

41 

24 

28 

65 

*  Top  in  tension, 
t  Bottom  in  tension. 


tween  either  cantilever  or  simply  supported  beams 
of  ur«a  ice  or  sea  ice.  This  behavior  is  attributed  to 
the  widespread  occurrence  of  brine  (urea)  inclu¬ 
sions  and  air  pockets  in  the  ice  that  effectively  re¬ 
lieve  stress  concentrations  through  plastic  flow. 
This  explanation  is  compatible  with  that  of  Gow  et 
al.  (1978)  regarding  thermally  modified  lake  ice  in 
which  the  structure  of  the  ice  becomes  sufficiently 
degraded,  through  the  combined  action  of  elevat¬ 
ed  air  temperatures  and  solar  radiation,  to  reduce 
intrinsic  flexural  strengths  to  levels  less  than  the 
stress  needed  to  activate  stress  risers  at  the  roots  of 
cantilever  beams.  However,  since  most  of  the  data 
on  sea  ice  were  obtained  from  warm  ice,  we  might 
suspect  stress  concentrations  to  develop  in  beams 
of  cold  sea  ice  containing  fewer  or  smaller  brine 
pockets. 

Measurements  of  strain  modulus  on  a  total  of 
115  beams  (Table  7)  show  no  definitive  trends. 
Values  vary  between  5  and  7  GPa  except  for  those 
obtained  at  -10°C  on  a  battery  of  seeded  (S2)  ice 
beams,  which  tested  low  (3.7  and  3.1  GPa)  relative 
to  other  tests  in  this  series,  and  with  those  ob¬ 
tained  on  the  same  beams  tested  in  the  cantilever 
mode. 

Isothermal  simply  supported  beams 

A  total  of  252  individual  beams  was  tested  in 
this  series  of  measurements.  Detailed  results  of 
isothermal  beam  tests  are  included  in  Appendix  A. 
Averaged  values  of  flexurai  strength  and  strain 
modulus  are  listed  in  Tables  8  and  9  respectively. 


Weighted  averages,  plotted  as  a  function  of  tem¬ 
perature,  are  presented  in  Figure  23  (flexural 
strength)  and  Figure  24  (strain  modulus).  As  with 
the  parallel  simply  supported  beams,  all  tests  with 
off-center  breaks  exceeding  10  cm  were  excluded 
from  the  averaged  values  listed  in  Tables  8  and  9. 
These  represented  less  than  5%  of  the  252  beams 
tested. 

Of  the  three  types  of  tests  performed  in  the  cur¬ 
rent  series  of  measurements,  those  involving  iso¬ 
thermal  simply  supported  beams  yielded  the  clear¬ 
est  information  concerning  the  effect  of  grain  size, 
crystal  orientation  and  temperature  of  the  fiber  in 
tension  on  the  flexural  characteristics  of  the  ice. 
Isothermal  beams  tested  the  strongest  overall. 
With  regards  to  S2  type  ice,  all  test  series  showed  a 
substantial  dependence  of  strength  on  the  grain 
size  of  the  fiber  in  tension  (Fig.  23a).  Significant 
increases  in  strength  with  decreasing  temperature 
were  also  observed.  Those  beams  tested  with  top 
in  tension  increased  in  average  strength  from 
about  1650  kPa  at  -1°C  to  nearly  2600  kPa  at 
19°C.  In  bottom  in  tension  tests  of  S2  ice,  flexur¬ 
al  strength  increased  from  about  1150  kPa  at  -1  °C 
to  1640  kPa  at  -19°C.  In  short,  the  flexural 
strength  of  S2-B  beams  at  -19°C  is  only  about 
equal  to  the  strength  of  S2-T  beams  at  -1  °C.  Also, 
the  ratios  of  strength  for  top  and  bottom  in  ten¬ 
sion  at  the  four  test  temperatures  remain  remark¬ 
ably  constant  at  1 .5,  which  agrees  closely  with  the 
value  obtained  by  Gow  et  al.  (1978)  on  large 
beams  of  lake  ice.  Such  differences  in  the  flexural 
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Table  8.  Average  flexural  strengths  (kPa)  of  Isothermal  simply  supported  beams 


Ambient 

temperature  _ Seeded  ice  sheets _  Unseeded  ice  sheets  _ 4verage 


(°C)  No.  1 

No.  2 

No.  4 

No.  6 

No.  7 

No.  8 

No.  3 

No.  5 

No.  6 

Seeded 

Unseeded 

-  1 

2092* 

1573 

1186 

1479 

1651  ± 

369 

1381  ±  194 

1268t 

1054 

1366 

2237 

1124  ± 

131 

1739  ±  487 

1979 

1394 

1154 

1090 

-  5  1629 

1630 

2321 

2208 

2184 

_ 

1849 

1315 

2101  ± 

384 

1824  ±  220 

1190 

1324 

1922 

1388 

1549 

1394 

1852 

2028 

1392  ± 

265 

1933  ±  313 

2214 

1241 

-10 

1495 

2608 

2329 

1739 

1925 

2411  ± 

289 

1863  ±  150 

1273 

1674 

1598 

1793 

2102 

1588  ± 

166 

1999  ±  326 

-19 

2572 

1703 

2022 

2572  ± 

oo 

N 

1885  ±  207 

1641 

2063 

2026 

1641  ± 

122 

2042  ±  184 

Total 

beams  1 1 

7 

54 

17 

33 

36 

19 

35 

22 

158 

76 

*  Top  in  tension, 
t  Bottom  in  tension. 

Ambient 

t"*+yr\*»rnf*tro 

rc> 

Table  9.  Average  strain  modulus  (GPa)  of  isothermal  simply  supported  beams. 

Seeded  ice  sheets  Unseedcri  ire  4 

No.  1  No.  2 

No.  4 

No.  6 

No.  7 

No.  8 

No.  3 

No.  5 

No.  6 

Seeded 

Unseeded 

-  1 

7.1* 

6.8 

5.2 

8.5 

6.9  ±  1.4 

7.4  ±  2.1 

7. it 

7.0 

6.9 

7.0  ±  1.0 

5.7  ±  1.1 

-  5 

4.6 

5.6 

6.2 

7.9 

5.9  ±  0.7 

7.3  ±  0.8 

5.4 

6.5 

8.2 

7.3 

6.4  ±  1.0 

7.6  ±  1.2 

5.8 

mm 

6.6 

6.9 

-10 

4.4 

5.4 

6.8 

5.6 

6.4  ±  1.2 

5.6  ±  0.4 

3.8 

4.4 

6.9 

5.7 

6.0  ±  1.5 

5.7  ±  0.5 

-19 

8.3 

7.0 

8.3  ±  2.3 

7.0  ±  1.2 

7.9 

6.5 

7.9  ±  0.9 

6.5  ±  0.7 

Total 

beams 

6 

36 

16 

28 

31 

19 

15 

19 

117 

53 

*  Top  in  tension, 
t  Bottom  in  tension. 
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a.  Ice  type  ( number  of  beams  tested  at  each  tem¬ 
perature  is  also  indicated). 


b.  Crystal  size/c-axis  orientation  relationships  in 
SI  and  S2  ice  types. 


Figure  23.  Variation  with  temperature  of  the  flexural  strength  of  isothermal  simply  supported  urns  of  SI 
and  S2  ice.  Symbols  T  and  B  refer  to  top  and  bottom  in  tension  tests  respectively. 


strength  of  isothermal  beams  of  S2  ice  are  primari¬ 
ly  the  result  of  changes  in  grain  size  between  the 
tops  and  the  bottoms  of  the  ice  sheets.  Typically, 
crystal  cross-sectional  diameters  in  S2  ice  grown  in 
the  CRREL  test  tank  increased  from  1-C  mm  near 
the  top  to  6-7  mm  at  the  bottom. 

In  contrast  to  S2  ice,  the  differences  in  the 
strength  between  Sl-T  and  Sl-B  beams  are  very 
much  less  and  flexural  strength  became  essentially 
independent  of  the  thermal  condition  of  the  ice 
once  temperatures  had  decreased  below  -5°C.  The 
actual  strength  values  of  SI  ice  fall  more  or  less 
midway  between  those  obtained  with  S2  ice,  with 
values  obtained  at  temperatures  below  -5°C  aver¬ 
aging  around  2000  kPa  for  Sl-B  beams  and  about 
1800  kPa  for  Sl-T  beams.  This  represents  a  less 
than  10%  difference  in  strength  between  Sl-T  and 


Figure  24.  Strain  modulus  versus  tempera¬ 
ture  of  isothermal  simply  supported  beams. 
Symbols  T  and  B  refer  to  top  and  bottom  in  ten¬ 
sion  tests  respectively. 


Sl-B  tests.  Figure  23b,  showing  crystal  size-crystal 
orientation  relationships  in  SI  and  S2  ice  types, 
clearly  demonstrates  the  importance  of  c-axis  ori¬ 
entation  relative  to  grain  size  effects.  As  noted 
earlier,  grain  size  difference  is  the  dominant  factor 
controlling  strength  in  S2  type  ice.  However,  a 
crossover  to  the  crystal  orientation  factor  is  evi¬ 
dent  when  S2-B  test  results  are  coi  pared  with 
those  obtained  with  Sl-T  and  Sl-B  beams.  Despite 
its  finer-grained  texture,  the  flexural  strength  of 
S2  ice  tested  with  bottom  in  tension  is  appreciably 
weaker  (on  the  order  of  25-30%)  than  the  much 
coarser-grained  ice  of  either  Sl-T  or  Sl-B  beams. 

In  many  Sl-B  tests,  for  example,  failure  oc¬ 
curred  in  an  essentially  single  crystal  mode,  in  a 
plane  containing  the  c-axis  and,  hence,  parallel  to 
the  "hard  fail”  plane  of  the  ice  crystal.  The  im¬ 
portance  of  the  oriented  crystal  factor  is  further 
highlighted  in  the  greater  strength  of  beams  of 
Sl-B  ice  relative  to  Sl-T  beams,  despite  the  fact 
that  crystal  size  is  appreciably  smaller  at  the  top  of 
the  ice  sheet  (in  ice  of  Sl-T  beams).  It  is  important 
to  remember  that  temperature  is  not  a  factor  here 
since  the  beams  were  isothermal. 

Two  beams  of  S2  ice  were  tested  with  sides  in 
tension.  Though  too  few  to  be  statistically  signifi¬ 
cant,  the  two  beams  tested  much  weaker  than  oth¬ 
er  isothermal  beams;  approximately  40%  weaker 
than  top  in  tension  tests  and  20%  weaker  than 
bottom  in  tension  tests. 

No  attempt  was  made  in  the  current  series  of 
tests  to  simulate  Fne-grained  snow  ice  but,  based 
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on  results  obtained  with  fine-grained,  seeded  (S2) 
ice  when  it  is  loaded  to  tensile  failure,  we  could  ex¬ 
pect  cold,  simulated  snow  ice  to  test  as  strong  or 
stronger  than  the  cold,  seeded  topmost  layer  of  S2 
ice  sheets. 

Strain  modulus  measurements  were  made  on  a 
total  of  169  beams  used  in  isothermal  tests.  Given 
the  error  limits  of  the  deflection  measurements, 
the  strain  moduli  (Fig.  24)  show  no  systematic  pat¬ 
tern  of  variation  with  respect  to  changes  in  either 
the  temperature  of  the  ice  or  the  magnitude  of  the 
flexural  strength.  Average  values  ranged  from  6-8 
GPa  or  about  10-20%  higher  than  modulus  data 
obtained  with  cantilever  and  simply  supported 
beams  tested  in  parallel  with  cantilever  beams. 
Lavrov  (1971)  reports  strain  moduli  of  67,000 
kg/cmJ  (6.6  GPa)  for  SI  ice  tested  at  -3  to  -4°C 
and  39,000  kg/cm2  (3.8  GPa)  for  S2  ice.  Accord¬ 
ing  to  Lavrov,  strain  modulus  (£f)  should  increase 
approximately  linearly  with  increasing  flexural 
strength  (Sf)  of  the  ice,  the  actual  rate  of  increase 
depending  on  the  rate  of  loading.  Using  data  from 
tests  on  beams  of  S2  ice,  Lavrov  obtained  the  ana¬ 
lytical  relationship 

Ef  =  3000  Sf 

for  load  durations  of  3  to  4  seconds.  We  observed 
no  such  relationship  in  our  tests  in  which  beams 
were  loaded  to  failure  in  less  than  1  second. 

Temperature  gradient  effects 

A  second  reason  for  conducting  isothermal 
beam  tests  was  to  investigate  the  effects  on  flexur¬ 
al  strength  of  temperature  gradients  in  ice  beams 
via  comparisons  with  parallel  simply  supported 
beams  of  identical  crystalline  structure  (either 
from  the  same  ice  sheet  or  from  other  ice  sheets 
with  the  same  structure).  The  two  groups  cf  beam 
tests  differ  only  in  their  thermal  state,  the  temper¬ 
atures  of  isothermal  beams  remaining  constant 
throughout  their  thickness  whereas  in  parallel  sim¬ 
ply  supported  beams  (those  tested  in  conjunction 
with  in-situ  cantilever  beams),  only  the  top  is  at 
the  prevailing  ambient  temperature,  with  the  bot¬ 
tom  of  the  beam  being  at  or  very  close  to  0°C.  Ac¬ 
cordingly,  the  only  differences  in  the  flexural 
characteristics  of  the  two  kinds  of  simply  support¬ 
ed  beams  should  be  directly  linked  to  the  effect  of 
temperature  gradients  in  the  parallel  simply  sup¬ 
ported  beams. 

This  effect  can  be  a  very  substantial  one,  espe¬ 
cially  in  a  10-cm-thick  ice  beam  at  an  ambient  air 
temperature  of  -19°C.  As  an  inspection  of  Figure 


Ambient  Air  Temperature  (*C) 

b.  SI  ice. 


Figure  25.  Comparative  relationships  of  flexural 
strengths  of  isothermal  and  parallel  simply  sup¬ 
ported  beams,  demonstrating  temperature  gradi¬ 
ent  effects.  Extrapolations  of  data  to  0°C  are  indicated 
by  dashed  lines. 


25  shows,  the  net  effect  of  temperature  gradients 
is  to  significantly  reduce  the  strength  of  parallel 
simply  supported  beams,  relative  to  isothermal 
beams  tested  at  corresponding  ambient  air  temper¬ 
atures.  This  situation  applies  to  both  SI  and  S2  ice 
types.  In  S2  ice,  for  example,  the  flexural 
strengths  of  parallel  simply  supported  beams  at 
the  lower  ambient  air  temperatures  (larger  temper¬ 
ature  gradients)  decreased  to  ’ess  than  33%  of 
those  of  the  isothermal  beams.  The  effect  is  some¬ 
what  less  in  SI  ice  beams,  which  tested  about 
30-33%  weaker  than  their  isothermal  counter- 
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Figure  26.  Strength  difference  ratios  (flexural 
strengths  of  parallel  simply  supported  beams  rel¬ 
ative  to  those  of  isothermal  beams)  versus  ambi¬ 
ent  air  temperature  for  (a)  S2  ice  and  (b)  SI  ice. 
Symbols  T  and  B  refer  to  top  and  bottom  in  tension 
tests  respectively. 


parts.  Relationships  between  tl  s  two  beam 
groups,  plotted  as  a  strength  difference  ratio  ver¬ 
sus  ambient  air  temperature  and  ice  type,  are 
shown  in  Figure  26.  It  is  also  interesting  to  note  in 
both  Figures  25  and  26  that  as  ambient  surface  air 
temperatures  converge  towards  0°C  so  do  the 
strengths  of  the  corresponding  sets  of  beams,  e.g., 
ISO-T  and  PARA-T.  This  is  to  be  expected  since 
at  0°C  both  isothermal  and  parallel  simply  sup¬ 
ported  beams  are  now  thermally  equivalent.  The 
only  exception  appears  to  be  with  ISO-B  and 
PARA-B  tests  of  SI  ice. 

Notwithstanding,  the  fact  that  this  convergence 
occurs  in  three  out  of  four  sets  of  tests  lends  cre¬ 
dence  to  the  testing  procedures  employed  in  the 
current  series  of  tests  and  gives  us  confidence  in 
the  conclusion  that  the  existence  of  a  temperature 
gradient,  regardless  of  the  temperatue  of  the  fiber 
in  tension,  is  ultimately  determining  the  strengths 
of  parallel  simply  supported  beams.  However,  as 
noted  earlier  in  the  discussion  of  the  parallel  beam 
test  data,  the  ultimate  strength  of  any  particular 
set  of  parallel  simply  supported  beams  appears  lit¬ 
tle  affected  by  the  magnitude  of  the  temperature 
gradient.  This  seems  a  critical  result  since  parallel 
beam  tests  come  closest  to  approximating  in-situ 
ice  tests  and  are  the  ones  most  likely  to  yield  realis¬ 
tic  values  of  the  effective  flexural  strength  and 


modulus  of  floating  freshwater  ice  sheets.  In  the 
cases  of  tests  of  structurally  undegraded  fresh¬ 
water  model  ice  sheets  in  the  CRREL  tank,  S2  ice 
with  top  in  tension  would  appear  the  strongest 
(1500  kPa)  and  S2  ice  with  bottom  in  tension  (900 
kPa)  the  weakest,  with  SI  ice  values  (1300  kPa) 
falling  in  between.  This  result  would  need  to  be 
modified  for  natural  ice  covers  close  to  their  melt¬ 
ing  points,  because  of  the  associated  solar-modu¬ 
lated  degrading  and  candling  of  the  ice  crystal 
structure.  Such  degrading  of  natural  ice  sheets 
(not  a  factor  in  indoor  test  tanks)  is  known  to  be  a 
major  cause  of  loss  of  flexural  strength  of  temper¬ 
ate  iake  ice  in  spring  (Weeks  and  Assur  1969,  Gow 
et  al.  1978). 

Comparisons  with  other 
laboratory  and  field  data 

The  results  from  small  beam  testing  of  freshwa¬ 
ter  model  ice,  in  which  the  flexural  strengths  of 
simply  supported  isothermal  beams  were  mea¬ 
sured,  include  those  of  Lavrov  (1971)  and  Timco 
and  Frederking  (1982).  Timco  and  Frederking  lim¬ 
ited  their  measurements  to  S2  ice,  which  they  test¬ 
ed  at  -10°C  ambient  air  temperatures.  Beams  were 
tested  in  both  push-down  and  pull-up  modes. 
With  push-down  (top  in  tension  tests)  they  ob¬ 
tained  an  average  flexural  strength  of  2200  kPa,  in 
good  agreement  with  our  averaged  value  of  2443 
kPa  at  -10°C.  Their  value  of  1770  kPa  for  bottom 
in  tension  (pull-up  tests)  also  agrees  reasonably 
well  with  our  measurement  of  1588  kPa.  Lavrov 
(1971)  tested  both  SI  and  S2  ice  and  his  results  are 
reported  in  several  tables  and  diagrams.  Although 
the  precise  nature  of  load  application  is  not  given 
(Lavrov  did  not  always  distinguish  between  top 
and  bottom  in  tension  tests),  indications  are  that 
results  in  his  Table  38  (p.  1 14)  were  obtained  with 
push-down  (top  in  tension)  tests.  He  lists  mean 
values  of  20.5  kg/cm1  (2010  kPa)  for  SI  ice  and 
22.0  kg/cm3  (2160  kPa)  for  S2  ice  tested  isotherm- 
ally  at  -3  to  -4°C.  These  data  conform  closely 
with  our  mean  values  of  1820  kPa  for  SI  ice  and 
2100  kPa  for  S2  ice  tested  with  top  in  tension  at 
-5°C. 

Lavrov  also  furnished  data  on  the  temperature 
dependence  (0  to  -40°C)  of  the  bending  strength 
of  S2  ice  sheets  grown  in  the  laboratory.  Though 
precise  information  on  the  nature  of  loading  of 
the  simply  supported  beams  is  lacking,  we  have  as¬ 
sumed  that  both  top  and  bottom  in  tension  tests 
were  performed.  The  part  of  his  Figure  62  (p.  120) 
relating  to  freshwater  ice  tests  is  reproduced  here 
(Fig.  27)  to  indicate  the  excellent  agreement  with 
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Figure  27.  A  comparison  of  data  from 
several  sources  relating  the  flexural 
strength  of  isothermal  simply  supported 
beams  to  the  temperature  of  the  ice.  All 
data  based  on  small  beam  testing  of  S2  type 
ice  sheets  grown  in  laboratory  test  tanks. 


data  (averaged  values  of  top  and  bottom  in  ten< 
sion  tests)  obtained  in  the  current  series  of  tests. 

The  above  comparisons  were  all  made  with  ref¬ 
erence  to  freshwater  model  ice  tests  conducted  un¬ 
der  conditions  very  similar  to  those  in  the  CRREL 
tank.  However,  for  completeness,  a  comparison 
with  results  from  tests  on  simply  supported  ice 
beams  from  a  number  of  diverse  field  locations 
would  seem  in  order.  In  their  review  of  the  litera¬ 
ture  on  the  fracture  of  lake  and  sea  ice,  Weeks  and 
Assur  (1969)  devoted  some  space  to  discussing 
flexural  strength  measurements  of  small  beams. 

heir  Figure  39  (p.  49)  summarizes  data  from  a 
variety  of  sources  plotted  in  terms  of  the  flexural 
trength  versus  temperature.  A  modified  version 
of  their  Figure  39  is  reproduced  here  as  Figure  28. 
Although  all  four  data  sets  vary  widely,  for  rea¬ 
sons  unknown,  they  do  nevertheless  indicate  a 
trend  towards  increasing  flexural  strength  with  de¬ 
creasing  temperature,  similar  to  results  reported 
here  for  simply  supported  isothermal  beams.  Our 
duta  set  (averaged  on  the  basis  of  all  tests  on  SI 
and  S2  ice)  is  also  plotted  in  Figure  28.  It  perhaps 
conforms  closest  with  results  obtained  by  Frank¬ 
enstein  (1959)  and  Voitkovskii  (1960).  Reasons  for 
the  disparate  nature  of  much  of  the  flexural 
strength  data  are  not  clear,  though  Weeks  and  As- 


Figure  28.  Flexural  strength  data  of  isothermal 
beams  from  the  current  series  of  tests  (dashed 
curve)  compared  with  small  beam  tests  on  lake 
and  river  ice.  Diagram  is  adapted  from  Weeks  and 
Assur  (1969).  Data  sources  are-  1)  Frankenstein 
(1959),  2)  Voitkovskii  (1960),  3)  Wilson  and  Horeth 
(1948),  Brown  (1926)  and  Hitch  (1959),  4)  Butyagin 
(1966). 


sur  (1969)  suggest  it  may  be  related  to  structural 
differences  in  the  ice  that  was  tested,  details  of 
which  were  either  omitted  or  not  sufficiently  docu¬ 
mented  in  the  original  reports.  Structural  differ¬ 
ences  could  be  either  due  to  differences  in  original 
growth  textures  (SI  or  S2  type  ice)  or  related  to 
thermal  modification  of  the  ice.  This  situation,  in 
conjunction  with  results  reported  here  on  model 
freshwater  ice,  simply  points  up  the  need  for  re¬ 
searchers  to  diligently  document  the  structural  and 
thermal  characteristics  of  the  ice  they  are  testing  if 
realistic  evaluations  of  the  mechanical  properties 
of  ice  sheets  are  to  be  obtained. 


CONCLUSIONS 

Previous  investigations  (Gow  et  al.  1978)  of  the 
flexural  strength  of  large  beams  of  lake  ice  showed 
that  the  strength  of  the  ic»  depends  appreciably  on 
its  temperature  and  crystalline  composition.  This 
work  has  now  been  extended  to  studies  under  con¬ 
trolled  conditions  in  a  refrigerated  test  tank  where 
measurements  were  made  on  freshwater  model  ice 
sheets  corresponding  in  structure  to  the  two  major 
ice  types,  SI  and  S2,  encountered  in  frozen  lake 
water.  SI  ice,  produced  by  spontaneous  nuclea- 
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tion  of  water  at  the  freezing  point,  yields  macro¬ 
crystalline  ice  sheets  with  predominantly  vertical 
c-axes.  S2  ice  is  produced  when  the  surface  of  the 
water  is  seeded  prior  to  freezing;  structurally  it 
consists  of  vertically  elongated,  columnar  crystals 
with  predominantly  horizontal  c-axes.  Using  a 
combination  of  beam  tests,  utilizing  cantilever  as 
well  as  simply  supported  beams,  we  have  been  suc¬ 
cessful  in  determining  independently  the  effects  of 
grain  size,  crystal  orientation,  tension  fiber  tem¬ 
perature  and  temperature  gradient  on  the  flexural 
characteristics  of  freshwater  model  ice.  Results  of 
major  interest  can  be  summarized  as  follows: 

1 .  Comparative  tests  of  in-situ  cantilever  beams 
and  of  the  same  beams  tested  immediately  after¬ 
wards  in  three-point  loading  (so  as  to  preserve  in- 
situ  temperature  profiles)  showed  that  the  sharply 
terminated  roots  of  conventional  cantilever  beams 
activated  a  significant  stress  concentration  and 
caused  premature  failure.  This  situation  can  be  re¬ 
lieved  and  (in  most  cases)  substantially  eliminated 
by  drilling  10-cm-radius  holes  at  the  roots  of  the 
beams.  A  further  significant  feature  of  these  com¬ 
bination  beam  tests  was  the  virtual  non-depend¬ 
ence  of  flexural  strength  of  the  beams  on  the  tem¬ 
perature  of  the  fiber  in  tension.  This  situation  ap¬ 
plied  to  both  top  and  bottom  in  tension  tests  over 
the  temperature  range  -1  to  -19°C;  strengths  did 
not  exceed  1200  ’«.Pa  for  conventional  cantilever 
beams  or  1650  kPa  for  the  simply  supported 
beams. 

2.  The  highest  flexural  strengths  were  measured 
on  isothermal  beams  tested  in  the  simply  support¬ 
ed  mode.  Of  these,  fine-graiped  columnar  ice  at 
the  top  of  S2  ice  sheets  generally  tested  the  strong¬ 
est  at  any  given  temperature,  with  an  average  flex¬ 
ural  strength  of  1650  kPa  at  -1°C,  increasing  to 
nearly  2600  kPa  at  -19°C.  However,  five-  to  six¬ 
fold  increases  in  the  cross-sectional  diameter  of 
crystals  at  the  bottom  of  S2  ice  sheets  resulted  in 
very  substantial  decreases  in  flexural  strength  of 
isothermal  beams  tested  with  bottom  in  tension. 
Simultaneously,  c-axis  orientation  effects  began  to 
exercise  their  influence,  such  that  beams  of  SI  ice 
composed  of  very  much  larger  crystals  with  pre¬ 
dominantly  vertical  c-axes  became  appreciably 
stronger  in  flexure  than  the  coarsest-grained  S2  ice 
having  crystals  with  predominantly  horizontal 
c-axes. 

3.  Tests  on  isothermal  beams  also  afforded  di¬ 
rect  verification  of  the  loss  of  flexural  strength  as¬ 
sociated  with  temperature  gradients  in  parallel 
simpiy  supported  beams  (those  tested  in  parallel 
with  cantilever  beams).  This  is  an  important  result 


because  parallel  simply  supported  beam  tests,  un¬ 
like  those  of  conventional  cantilever  beams,  are 
not  affected  by  stress  concentrations.  According¬ 
ly,  they  are  the  ones  most  likely  to  approximate 
true  in-situ  ice  testing  and  should  yield  reasonably 
realistic  values  of  the  effective  flexural  strength  of 
floating  freshwater  ice  covers.  However,  cantilev¬ 
er  beam  tests  are  simpler  to  perform  and,  if  suitab¬ 
ly  corrected  for  stress  concentration  effects  on  the 
basis  of  data  from  the  parallel  simply  supported 
beam  tests,  should  also  yield  reliable  in-situ  mea¬ 
surements  of  flexural  strength.  Correction  factors 
of  +  30  to  35%  were  obtained  for  SI  ice  with  top 
and  bottom  in  tension  and  for  S2  ice  with  bottom 
in  tension.  For  S2  ice  with  top  in  tension,  a  correc¬ 
tion  factor  of  approximately  + 100%  is  indicated 
by  our  results. 

4.  Experiments  with  beam  dimension  changes, 
including  increasing  the  width  by  60%  with  re¬ 
spect  to  the  thickness,  and  with  varying  the  length 
to  thickness  ratio  from  7:1  to  10:'  esulted  in  no 
significant  changes  in  flexural  strengths  of  beams. 

5.  Strain  moduli,  calculated  from  beam  deflec¬ 
tion  measurements,  showed  little  dependence  on 
either  the  temperature  of  the  ice  or  the  magnitude 
of  the  flexural  strength.  Average  values  ranged 
from  5  to  7  GPa  for  cantilever  and  parallel  simply 
supported  beams  and  from  6  to  8  GPa  for  iso¬ 
thermal  simply  supported  beams. 
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APPENDIX  A:  FLEXURAL  STRENGTH  AND  STRAIN  MODULUS 
MEASUREMENTS  OF  CANTILEVER  AND  SIMPLY  SUPPORTED  BEAMS 
OF  FRESHWATER  MODEL  ICE 

Symbols  and  notations:  T  and  B  btiide  beam  numbers  denote  top  and  bottom  in  tension 
tests,  respectively;  L,  tv  and  h  denote  the  length,  width  and  thickness  of  beams,  respectively; 
Pis  the  failure  load,  d  is  the  beam  deflection,  S  is  the  calculated  flexural  strength  and  £  is  the 
calculated  strain  modulus. 
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B 

109.5 

11.7 

12.2 

15.5 

55 

B 

108.5 

11.6 

12.2 

18.9 

56 

BKQMBi 

57 

B 

108.5 

11.3 

12.2 

20,8 

58 

B 

109.5 

10.8 

12.0 

19.9 

59 

B 

108.5 

11.9 

12.1 

20.8 

60 

B 

108.5 

11.7 

12.1 

20.3 

61 

B 

108.0 

11.4 

11.9 

21.3 

62 

B 

108.0 

11.6 

11.9 

19.4 

Am,  Sr  ”  734  *  53;  Am.  S*  -  739  *  78 
Am.  Bj  -  5.4  *0,4;  Am.  Eg  -  5.0  *0,1 
■♦Off  cantor  brwk  ■tcwdln*  10  <*• 


pport 

1 

feral  to!  Stop!* 

d(«) 

5(kfe)  E(Gfe) 

BEAM 

L(a*> 

1180  4 
1049  4 

.058 

1357 

3.3 

.046 

1190 

4.2 

.053 

1495 

4.4 

727 

46 

T 

101 .6 

756 

47 

T 

101.6 

.114 

808 

5.2 

48 

101.6 

.109 

747 

5.1 

49 

101.6 

652 

50 

101.6 

51 

101.6 

682 

52 

101.6 

.102 

772 

5.9 

53 

101 .6 

573 

54 

101 .6 

699 

55 

101.8 

56 

101 .6 

.099 

789 

5.1 

57 

101.6 

752 

58 

101 .6 

762 

59 

101.6 

.099 

757 

5.0 

60 

101.6 

837 

61 

101 .6 

.099 

749 

5,0 

62 

101.6 

Aw 

.  »r 

-  1521 

Aw 

-  2.9 

Support 

>K«) 

h(a») 

P(kB)  d(w) 

S(kfe) 

11.8 

11.7 

300.0 

2833  4 

11.7 

11.8 

210.2 

1985 

12.0 

11.5 

161.1 

.112 

1578 

11.4 

11.5 

142.7 

.097 

1472 

12.1 

11.8 

183.6 

.053 

1688 

11.5 

11.9 

180.0 

.102 

1417 

12.0 

12.2 

225.0 

.066 

1391  ♦ 

12.0 

12.3 

131.4 

.041 

988 

11.9 

12.0 

108.9 

.064 

950 

11.8 

12.2 

113.9 

.046 

970 

12.0 

12.3 

85.5 

.038 

728 

12.0 

12.6 

117.0 

.041 

973 

12.1 

12.5 

111.6 

.046 

980 

11.9 

12.3 

103.5 

.036 

890 

11.8 

12.0 

121.5 

.061 

1126 

11.8 

12.2 

85.5 

.036 

663 

11.8 

12.3 

90.0 

.048 

809 

*330; 

Aw.  Sg 

-  899  *143 

*1.1; 

Aw.  Bfc 

-  2.7  *0.4 

Apr.  4,  1943  (>19*0  Cantilever 


HAM 

Wo») 

**«■> 

*><•) 

d(«) 

S(kfe)  KQN) 

83 

T 

110.0 

11.4 

12.8 

19.9 

688 

84 

T 

110.5 

11.7 

13.0 

23.6 

777 

83 

T 

BKMH 

86 

T 

100.5 

11.1 

13.0 

10.4 

332  ♦ 

67 

NtQUROnt  HMJnJNCTlON 

88 

T 

111.0 

12.4 

13.0 

30.7 

937 

89 

t 

109.3 

11.2 

12.9 

24.6 

863 

70 

T 

110.0 

12.2 

12.7 

30.2 

1010 

’1 

8 

109.2 

12.0 

13.3 

19.4 

386 

72 

B 

110.0 

12.0 

13.1 

23.6 

.091 

742  3.0 

73 

B 

110.2 

11.8 

13.3 

24.1 

748 

74 

B 

110.0 

11.9 

<3.1 

21.3 

.084 

674  3.0 

75 

B 

109.8 

12.0 

13.0 

16.1 

312 

78 

B 

110.0 

11.6 

12.8 

22.7 

772 

77 

B 

110.3 

11.8 

12.7 

21.3 

726 

78 

B 

110.0 

11.8 

12.3 

19.4 

680 

Ave.  9r  -  859  *131 ;  tom.  Sg  -  680  *90 

tom.  k£  •  3.0  *  0 

♦Off  center  break  atceedlng  10  oa. 


Hmllel  Staple  Support 

NTH 

U») 

h(oe) 

7(1*8)  d(ot) 

8(kla) 

63 

\ 

i 

i 

64 

18 

99 

99 

99 

63 

99 

99 

99 

99 

66 

99 

99 

99 

99 

67  T 

101.6 

11.9 

13.2 

161.1 

1213 

68  T 

101.6 

11.9 

13.2 

233.2 

1889 

69  T 

101.6 

11.6 

13.3 

172.4 

1308 

70  T 

101.6 

12.0 

13.0 

223.0 

1738 

71  B 

101.6 

11.7 

13.  * 

112.3 

832 

72  8 

atom 

73  B 

101.6 

12.1 

13.2 

108.0 

818 

74  8 

101.6 

11.8 

13.0 

90.0 

728 

73  8 

101.6 

11.9 

12.6 

93.2 

726 

76  8 

101.6 

11.8 

12.1 

100.4 

884 

77  8 

101.6 

11.8 

12.4 

91.4 

810 

78  8 

101.6 

11.6 

12.4 

104.9 

933 

tom.  Sr 

fl 

a 

S 

1 

JP 

1 

822  *77 

*(0N) 


SHBT  3 
(UNSODD) 


Apr.  11.  1993  (-5 *C)  Cntlltnr 


BEAK 

L(«) 

w(<a) 

h(«M) 

P(k8) 

d(ca) 

S(kH) 

8(0N) 

1 

T 

108.4 

10.2 

9.5 

15.9 

.127 

1100 

7.2 

2 

T 

109.0 

10.5 

9.5 

12.5 

.114 

843 

6.2 

3 

T 

110.0 

9.7 

9.2 

11.2 

.102 

879 

7.6 

4 

T 

110.0 

10.0 

9.6 

14.6 

.127 

1022 

6.8 

5 

T 

109.5 

10.5 

9.8 

11.5 

.102 

736 

3.9 

6 

T 

109.0 

10.0 

9.7 

12.9 

.108 

877 

6.6 

7 

T 

109.0 

11.1 

9.7 

13.8 

.111 

848 

6.2 

8 

T 

108.0 

10.1 

9.7 

11.9 

.102 

803 

6.4 

9 

B 

108.5 

10.3 

9.6 

20.8 

.163 

1365 

6.7 

10 

B 

108.0 

10.3 

9.8 

15.1 

.124 

975 

6.3 

11 

B 

108.0 

10.0 

10.0 

18.0 

.102 

1140 

8.7 

12 

B 

108.0 

10.9 

10.0 

24.2 

.184 

1410 

6.0 

13 

B 

106.0 

9.6 

10.0 

16.5 

.130 

1094 

6.5 

14 

B 

108.0 

10.2 

10.2 

17.0 

.133 

1018 

5.8 

15 

B 

108.0 

9.7 

9.9 

19.4 

.140 

1295 

7.3 

16 

B 

108.5 

10.3 

10.0 

16.6 

.111 

1026 

7.3 

tom 

.  Sr 

•  888  *118:  tom. 

Sg  -  1165  *169 

tom 

.  Bj 

-  6.6  *0. 

6:  Ave. 

®B  " 

6.8  *0.9 

Apr 

.  12. 

1983  (-1 

*C)  Iao thermal  Staple  Support 

17 

B 

101.6 

10.8 

9.5 

75.0 

.048 

1223 

4.3 

18 

T 

101.6 

11.2 

9.3 

70.5 

.033 

1162 

6.1 

19 

B 

101.6 

11.4 

9.3 

88.5 

.048 

1389 

5.2 

20 

B 

101.6 

10.0 

9.3 

67.5 

.041 

1229 

5.3 

21 

B 

101.6 

10.5 

9.4 

99.0 

.054 

1622 

5.4 

22 

T 

81.3 

10.6 

9.6 

97.5 

.033 

1209 

4.2 

hnllil  Staple  Support 


MAN 

Wca) 

M(Ci 

>)  h(«a) 

P0*U) 

d(ce) 

S(kPe) 

8«*B) 

1 

T 

101.6 

10.2 

9.5 

79.5 

.043 

1324 

5.4 

2 

T 

101.6 

9.9 

9.7 

78.0 

.040 

1253 

5.5 

3 

T 

101.6 

9.7 

9.9 

75.0 

.051 

1249 

4.0 

4 

T 

101.6 

10.0 

10.0 

75.0 

.043 

1068 

4,5 

5 

T 

101.6 

10.5 

9.9 

85.3 

.040 

1262 

5.4 

6 

T 

101.6 

10.8 

10.0 

75.0 

.044 

1107 

4.1 

7 

T 

101.6 

11.0 

10.0 

84.0 

.049 

1188 

4.0 

8 

T 

101.6 

10.1 

10.1 

90.0 

.048 

1270 

4.6 

9 

mOHUB  MALFUNCTION 

10 

8 

101.6 

10.0 

10.6 

70.5 

.019 

919 

8.0 

11 

B 

101.6 

10.7 

10.5 

88.3 

.032 

1187 

3.7 

12 

B 

101.6 

10.4 

10.5 

82.5 

.033 

993 

5.3 

13 

B 

101.6 

10.7 

10.7 

106.3 

.035 

1274 

6.0 

14 

B 

101.* 

10.0 

10.8 

81.0 

.035 

1071 

4.7 

13 

B 

101.6 

10.3 

11.0 

96.0 

1192 

16 

B 

101.0 

10.4 

11.1 

96.0 

.038 

1160 

4.3 

tom 

t 

•  1215  *  88; 

Awe.  Sg  - 

1114  *125 

tom 

.  »r 

-  4.7  *0.7; 

Ave.  Eg  • 

5.7  *1 

.3 

tom.  9r  -  1186  *  33;  tom.  Sg  -  1366  *187 
Ave.  Br  -  5.2  *1.3;  tom.  Kg  -  5.1  *0.5 


SHEET  3  (Cent.) 

(UNSEZDCD) 


Apr 

.  12.  1983  (-1 

*C)  Cantilever 

Parallel  Simple  Support 

BEAM  L(<n) 

w(a*) 

h(«) 

P(k«) 

d(a) 

S(kFa)  E(GPa) 

BEAM 

L(ai) 

v<a») 

b<«> 

P(kg) 

d(a») 

S(kPa) 

23 

T  107.0 

10.6 

10.5 

18.9 

.108 

1023 

6.9 

23 

T 

101 .6 

10.1 

11.0 

81.0 

.024 

1053 

24 

T  102.0 

10.5 

10.5 

18.9 

.102 

980 

6.3 

24 

T 

101 .6 

10.8 

10.9 

93.0 

.032 

1147 

25 

T  105.5 

10.9 

10.6 

18.9 

.098 

958 

4.5 

25 

T 

101 .6 

10.8 

10.9 

90.0 

.035 

988 

26 

T  106.0 

11  1 

10.7 

16.1 

788 

26 

T 

101.6 

11.3 

10.9 

96.0 

.030 

1026 

27 

T  105.5 

10.5 

10.6 

16.1 

.098 

843 

4.0 

27 

B 

101.6 

10.9 

11.0 

114.0 

.041 

1227 

28 

T  108.0 

10.5 

10.3 

16.7 

.102 

949 

4.9 

28 

T 

101.6 

10.3 

10.8 

77.9 

.033 

1034 

29 

T  102.5 

10.3 

10.4 

16.3 

.105 

880 

5.7 

29 

T 

101.6 

10.7 

10.6 

90.0 

.030 

1052 

30 

T  105.5 

11.6 

10.3 

24.6 

.158 

1239 

5.7 

30 

T 

101.6 

11.7 

10.5 

100.5 

.029 

1177 

31 

B  104.5 

10.0 

10.0 

17.8 

.124 

1092 

6.4 

31 

B 

101 .6 

10.0 

10.5 

72.0 

.037 

1042 

32 

B  102.0 

9.6 

9.9 

17.5 

.146 

1185 

5.4 

32 

B 

101 .6 

10.3 

10.0 

78.0 

.032 

1045 

33 

B  104.5 

10.7 

9.6 

16.6 

.137 

1031 

5.7 

33 

B 

101 .6 

10.5 

9.9 

84.0 

.040 

1290 

34 

B  105.0 

9.5 

9.9 

15.6 

.152 

1034 

5.1 

34 

B 

101.6 

10.2 

9.6 

84.0 

.043 

1407* 

35 

BROKEN 

35 

BROKEN 

36 

B  106.0 

9.9 

9.2 

12.3 

.130 

914 

5.7 

36 

B 

101.6 

10.1 

9.5 

54.0 

.027 

871 

37 

B  104.5 

10.2 

9.1 

15.3 

.156 

1114 

5.7 

37 

B 

101.6 

10.1 

*9.0 

70.5 

.046 

1098+ 

38 

B  88.0 

10.5 

9.1 

15.3 

911 

38 

B 

81.3 

10.5 

9.2 

78.0 

.032 

922 

Ave 

.  ST  -  958  *13 

7;  Ave. 

Sr  -  1040  *102 

Ave 

.  Sr 

-  1068  *  68;  Ave.  Sg  - 

1066  *165 

Ave 

.  Br  -  5.4  *1 . 

0;  Ave. 

Eg  - 

5.7  *0.4 

Ave 

.  Er 

-  5.6  *0.9;  Ave.  Eg  ” 

5.1  *0.8 

Apr 

.  13,  1983  (-10*C)  Isothermal  Simple  Support 

39 

B  101.6 

11.2 

10.2 

123.0 

.038 

1151+ 

7.0 

40 

T  101.6 

10.9 

9.8 

130.5 

.056 

1786 

5.9 

41 

T  101.6 

11.1 

9.4 

108.0 

.057 

1737 

5.2 

42 

B  101.6 

11.3 

9.4 

123.0 

.064 

1914 

5.3 

43 

B  101.6 

11.4 

10.2 

126.0 

.045 

1671 

6.0 

44 

T  81.3 

12.0 

10.2 

172.5 

.032 

1695 

5.6 

Ave 

.  Sr  “  ’139  *  46;  Ave 

.  SB  - 

1793  *172 

Ave 

.  Dr  "  5.6  *0.4;  Ave 

•  Eb  ■ 

5.7  40.5 

♦Sideways  Test 

+Off  center  break  exceeding  10  cm. 


Apr 

.  13. 

1983  (-10*C)  Cantilever 

Parallel  Simple  Support 

BEAM 

L(cra) 

w(cm) 

h(cm) 

P(kg) 

d(as) 

S(kFt)  E(GPa) 

BEAM 

L(em) 

w(cm) 

h(cm) 

P(kg) 

d(ao) 

S(kPa) 

45 

BROKEN 

45 

46 

T 

108.0 

11.2 

9.9 

16.5 

.130 

952 

s.n 

46 

T 

101.6 

11.3 

9.3 

88.5 

.029 

1348 

47 

T 

105.0 

11.6 

9.6 

13.6 

.102 

786 

5.9 

47 

T 

101.6 

11.1 

9.8 

76.5 

.033 

1080 

48 

T 

106.0 

11.0 

9.7 

13.1 

.095 

794 

6.4 

48 

T 

101 .6 

11.3 

10.0 

79.5 

.052 

1059 

49 

T 

106.5 

11.6 

9.6 

12.9 

.095 

753 

6.2 

49 

T 

101.6 

11.1 

9.9 

78.0 

.033 

1141 

50 

B 

106.0 

11.0 

9.6 

18.7 

.140 

1151 

6.4 

50 

B 

101.6 

11.7 

9.9 

90.0 

.041 

1196 

51 

B 

105.0 

11.0 

9.9 

19.9 

.156 

1137 

5.4 

51 

B 

101.6 

10.9 

9.7 

91.5 

.038 

1405 

52 

B 

105.5 

10.7 

9.5 

20.3 

.165 

1306 

6.2 

52 

B 

101.6 

11.5 

9.7 

82.5 

.043 

1193 

53 

B 

103.5 

11.9 

9.5 

22.2 

.175 

1264 

5.4 

53 

B 

101 .6 

11.0 

9.7 

91.5 

.037 

1392 

54 

T 

105.0 

10.6 

9.3 

7.6 

.061 

509  + 

6.7 

54 

B 

101.6 

11.3 

9.7 

91.5 

.057 

1193 

55 

T 

106.5 

10.6 

9.1 

11.7 

.108 

836 

6.4 

55 

T 

101 .6 

10.8 

9.6 

60.0 

.045 

973 

56 

T 

104.3 

11.0 

8.9 

9.1 

662 

56 

T 

101.6 

11.2 

9.2 

75.0 

.051 

1270 

57 

T 

106.5 

11.6 

8.8 

13.1 

.080 

910 

9.9 

57 

T 

101.6 

10.9 

9.2 

81.0 

.041 

1402 

58 

T 

106.0 

11.0 

8.8 

12.3 

899 

58 

101.6 

11.9 

9.2 

59 

B 

106.0 

10.9 

8.9 

16.1 

.159 

1160 

6.2 

59 

B 

101.6 

10.6 

9.2 

57.0 

.030 

1025 

60 

B 

106.5 

10.2 

8.9 

14.4 

.137 

1114 

6.9 

60 

B 

101.6 

10.7 

9.0 

61.5 

.038 

1118 

Ave 

.  St 

-  824  * 

95;  Ave. 

Sr  -  1188  *  77 

Ave 

.  &r 

-  1182  *161; 

Ave.  Sg 

-  1217  ±138 

Ave 

.  Br 

-  6.8  *1 

.6;  Ave. 

Eg  -  6. 

,1  *0.6 

Ave 

.  Br 

-  5.4  ±1.6; 

Ave.  Eg 

-  5.2*1 

.0 

Apr 

.  14, 

,  1983  (- 

19*C)  Isothermal 

Simple  Svjjport 

61 

B 

101.6 

11.3 

8.9 

120.0 

.064 

1941 

6.0 

62 

T 

101.6 

10.2 

8.6 

91.5 

.043 

1838 

8.4 

63 

B 

101.6 

11.4 

8.3 

121.5 

.066 

2303 

7.3 

64 

T 

101.6 

11.0 

8.5 

88.5 

.054 

1662 

6.2 

65 

B 

101.6 

11.0 

8.5 

108.0 

.064 

2071 

6.4 

60 

T 

101.6 

11.0 

8.5 

85.5 

.050 

1609 

6.5 

67 

B 

101.6 

11.2 

8.5 

114.0 

.066 

1937 

6.5 

Ave.  St  -  1703  *120j  Ave.  SB  -  2063  *172 
Ave.  Bj  -  7.0  *1.4;  Aw.  Eg  «  6.6  *0.5 
+Off  cent  sr  break  exceeding  10  oa. 


35 


SHEET  3  (Cine.) 
(UNSESCED) 


Apr.  14,  1983  (-19*C)  Cantilever 


BEAM 

L(cm) 

w(ca) 

h(ai) 

P(kg) 

d(<n) 

S(kFa) 

E(CP*> 

68 

T 

107.5 

10.6 

12.8 

22.7 

.095 

826 

5.4 

69 

T 

108.0 

11.4 

12.7 

27.4 

.189 

947 

5.8 

70 

T 

107.5 

10.7 

12.1 

19.9 

.125 

733 

4.1 

71 

T 

107.0 

10.8 

10.9 

19.9 

.122 

973 

5.6 

72 

T 

107.0 

11.5 

11.0 

23.6 

.138 

1069 

5.4 

73 

T 

107.0 

10.9 

11.0 

19.9 

.106 

983 

6.2 

74 

T 

104.5 

11.2 

11.2 

8.0 

.042 

351  # 

5.4 

75 

B 

99.0 

10.5 

11.5 

24.6 

.157 

1030 

3.7 

76 

B 

107.5 

11.5 

11.5 

29.8 

.134 

1238 

6.2 

77 

B 

107.5 

11.5 

11.6 

24.1 

.073 

1002 

9.0 

78 

B 

BROKEN 

79 

B 

107.5 

11.7 

11.8 

27.9 

.131 

1092 

5.4 

80 

B 

107.0 

11.4 

12.0 

26.0 

.115 

996 

5.5 

81 

B 

100.5 

10.6 

11.8 

30.7 

.134 

1293 

5.2 

82 

B 

106.5 

11.5 

11.8 

37.8 

.173 

1479 

5.5 

83 

B 

106.0 

10.8 

11.5 

29.8 

.173 

1306 

4.9 

84 

B 

106.5 

11.1 

11.4 

24.1 

.118 

1047 

5.9 

Ave.  Sx  -  922  ±121;  Ave.  SB  -  1164  ±171 
Ave.  Et  -  5.4  ±0.7;  Ave.  Eg  -  5.7  ±1.4 


Parallel  simple  Sippore 


BEAM 

L(em) 

w(em) 

h(cm) 

P(kg)  d(em) 

S(kPe) 

68 

T 

101.6 

10.9 

12.0 

97.5 

862 

69 

T 

101.6 

10.4 

12.0 

108.8 

1143 

70 

T 

101.6 

10.4 

11.6 

105.0 

1146 

71 

T 

101.6 

11.0 

11.6 

96.0 

1014 

72 

T 

101.6 

11.3 

11.4 

127.5 

1230 

73 

T 

101.6 

11.5 

11.5 

116.2 

959  + 

74 

T 

101.6 

10.9 

11.8 

101.3 

1040 

75 

B 

91.4 

11.4 

12.0 

153.8 

1305 

76 

B 

101.6 

11.4 

12.0 

150.0 

1423 

77 

B 

RECORDER  MALFUNCTION 

78 

B 

81.3 

11.4 

12.0 

198.8 

1484 

79 

B 

101.6 

11.1 

12.0 

120.0 

1174 

80 

B 

101.6 

11.0 

12.0 

161.2 

1386 

81 

B 

101.6 

11.6 

12.0 

161.2 

1500 

82 

B 

101.6 

11.0 

11.8 

131.3 

1225 

83 

B 

101.6 

11.1 

11.6 

150.0 

1561 

84 

T 

101 .6 

11.0 

11.4 

108.8 

1018 

Ave 

.  sr 

-  1064 

±120; 

Ave.  SB 

-  1382  ±137 

Apr.  15,  1983  (-5*C)  lao thermal  Simple  Seaport 

85  B  101.6  11.0  12.3  232.5  1527  + 

86  B  101.6  11.1  12.3  172.5  1394 

Ave.  SB  "  1394 

+Off  center  break  exceeding  10cm 
# Crack  In  Ice  sheet 


SHEET  4 
(SEEDED) 


Apr, 

.  25.  1983  (-1 

*C)  Cantilever 

Parallel 

Simple 

£  jpport 

BEAM  L(an) 

w(a») 

h(cm) 

P(kg) 

d(cm) 

S(kPa)  E(GPa) 

BEAM 

L(a»> 

w(oi) 

h(cm) 

P(kg)  d(cm) 

S(kFa) 

1 

T  87.0 

14.3 

8.3 

14.7 

.092 

761 

5.0 

1 

T 

81.3 

13.9 

8.4 

112.5 

1424 

2 

T  86.5 

13.5 

8.8 

14.6 

.114 

708 

3.5 

2 

T 

81.3 

13.7 

8.5 

115.5 

1447 

3 

T  87.0 

14.0 

8.4 

14.6 

.108 

754 

4.2 

3 

T 

81.3 

13.9 

8.5 

129.0 

1587 

4 

B  88.0 

13.1 

8.4 

12.9 

.105 

720 

4.2 

4 

B 

81.3 

13.4 

8.8 

87.0 

1052 

5 

B  86.5 

14.0 

8.4 

15.7 

.114 

808 

4.2 

5 

B 

81.3 

13.9 

8.8 

90.0 

1050 

6 

B  84.0 

13.9 

8.5 

18.2 

.140 

893 

3.5 

6 

B 

81.3 

13.8 

9.0 

97.5 

1092 

7 

T  87.0 

8.7 

8.6 

9.5 

.092 

752 

4.8 

7 

T 

81.3 

9.3 

9.0 

104.9 

1674 

8 

T  87.0 

8.8 

8.8 

11.7 

.121 

880 

4.2 

8 

T 

BROKEN 

9 

T  86.8 

8.4 

8.9 

8.7 

.066 

667 

4.4 

9 

T 

81.3 

8.4 

9.2 

87.0 

1511 

10 

B  86.5 

8.7 

8.9 

10.4 

.105 

768 

4.1 

10 

B 

BROKEN 

11 

B  87.0 

8.8 

8.9 

10.6 

.105 

777 

4.2 

11 

B 

81.3 

8.2 

9.3 

57.0 

879 

12 

B  87.0 

8.8 

8.8 

10.2 

.098 

766 

4.5 

12 

B 

81.3 

8.9 

9.4 

60.0 

959 

Ave 

.  SB  -  754  ±  72;  Ave. 

SB  -  789  ±  88 

Ave 

.  Sx  1 

-  1529  ±103;  Ave.  SB  - 

1006  ±  86 

Ave 

.  Bf  «  4.4  ±0.! 

>;  Ave. 

Eb  -  4. 

1  ±0.3 

Apr 

.  27.  1983  (-1' 

’C)  Isothermal  Simple 

Seaport 

13 

B  91.4 

10.4 

7.9 

62.2 

1345 

14 

B  91.4 

9.8 

7.7 

54.8 

1239 

15 

B  91.4 

9.9 

8.0 

61.7 

1380 

16 

T  91.4 

10.2 

8.2 

104.5 

2005 

17 

T  91.4 

10.0 

8.2 

104.5 

2157 

18 

B  91.4 

9.7 

8.2 

62.2 

1308 

19 

T  91.4 

10.2 

8.3 

107.0 

2114 

20 

B  91.4 

10.0 

8.5 

26.4 

1257 

21 

B  91.4 

9.8 

8.7 

59.7 

1076 

Ave 

.  Sr  -  2092  ±78;  Ave. 

SB  -  1268  ±108 

36 


•  T-.T.r- 


E(GPa) 


E(GPa) 


SHEET  4  (Oont.) 
(SEECH)) 


Apr.  28.  1983  <-5*C)  Isothermal  Staple  Support 


BEAM 

L(ai) 

w(a») 

b(«a) 

P0w> 

d(ca) 

S(kFa)  E(GPe) 

22  B 

91.4 

9.5 

7.6 

74.7 

.065 

1903 

5.1 

23  B 

91.4 

9.7 

7.4 

71.7 

.043 

1848 

8.0 

24  B 

91.4 

10.3 

7.2 

76.7 

.057 

2014 

6.5 

25  T 

91.4 

9.9 

7.2 

79.7 

.062 

1958 

6.5 

26  T 

91.4 

10.0 

7.7 

119.5 

.090 

2780 

5.4 

27  T 

91.4 

9.7 

7.8 

99.5 

.078 

2066 

5.2 

28  T 

91.4 

9.8 

7.9 

97.1 

.075 

2043 

5.0 

29  T 

91.4 

10.3 

8.0 

131.9 

.076 

2759 

6.1 

Ave.  Sp 

-  2321 

*41 1 ;  Ave . 

Sb  - 

1922  *  85 

Ave.  Bp 

-  5.6  *0.6;  Ave. 

Eb  - 

6.5  *1.5 

Apr 

.  28, 

1983  <-10*C)  Cantilever 

30 

T 

107.0 

9.8 

10.3 

11.3 

.089 

687 

5.7 

31 

T 

107.5 

10.0 

10.2 

12.3 

.092 

758 

6.1 

32 

T 

107.5 

9.9 

10.2 

13.2 

.130 

816 

4.7 

33 

B 

107.5 

10.5 

10.0 

13.7 

.133 

825 

4.8 

34 

B 

108.0 

9.6 

9.8 

11.3 

.121 

793 

5.1 

35 

B 

106.5 

10.4 

9.8 

12.3 

771 

36 

B 

77.0 

9.9 

10.1 

19.4 

.080 

869 

4.3 

37 

B 

77.5 

9.8 

10.1 

16.1 

.070 

733 

4.2 

38 

B 

76.5 

10.0 

10.0 

19.9 

.086 

897 

4.1 

39 

T 

77.0 

9.9 

10.0 

16.5 

.089 

768 

3.4 

40 

T 

76.5 

9.8 

9.7 

16.5 

.089 

811 

3.6 

41 

T 

76.5 

10.0 

9.7 

15.6 

.080 

753 

3.8 

Ave 

•  ®T 

“  766  *  47;  Ave. 

S*  -  815 

*  61 

Ave 

.  Bp 

-  4.5  *1. 

1;  Ave. 

Eb  -  4.5  ±0.4 

Apr 

.  29, 

1983  <• 

-10*C)  Isothermal  Staple  Sipport 

Parallel  Staple  Support 

BEAM 

L(cn) 

w(cm) 

h(a») 

P(kg) 

d(o«) 

S(kPe)  E(GPe) 

BEAM 

L(ea) 

w(ea) 

h(cm) 

P(kg> 

d(ca) 

S(kPa) 

42 

T 

REOOKDER  MALFUNCTION 

43 

T 

101.6 

10.1 

10.5 

194.1 

.067 

2670 

6.4 

44 

T 

101.6 

10.1 

10.4 

201.6 

.102 

2824 

4.5 

45 

B 

101.6 

10.1 

10.3 

124.5 

.056 

1802 

5.2 

46 

B 

101.6 

9.9 

10.4 

124.5 

.087 

1700 

3.3 

47 

B 

101.6 

9.9 

10.3 

117.0 

.061 

1740 

4.6 

48 

B 

71.1 

10.1 

10.0 

184.2 

.065 

1591 

2.5 

49 

B 

71.1 

9.5 

10.2 

166.8 

.064 

1722 

2.3 

50 

B 

71.1 

10.5 

10.2 

151.8 

1486 

51 

T 

71.1 

10.0 

9.7 

219.0 

.073 

2493 

2.9 

52 

T 

71.1 

10.0 

9.7 

224.0 

.027 

2488 

8.0 

53 

T 

71.1 

9.9 

9.7 

234.0 

.025 

2563 

9.0 

Ave 

.  Sp 

-  2608  *142;  Ave. 

SB  - 

1674  ±115 

Ave 

.  Bp 

-  6.2  ±2.5;  Ave. 

Eb  - 

3.6  *1.3 

Apr 

.  29. 

1983  <■ 

-10*C)  Cantilever 

54 

T 

110.0 

12.0 

9.0 

11.8 

.165 

786 

4.3 

54 

BROKEN 

55 

T 

111.0 

12.0 

9.0 

13.4 

.178 

902 

4.6 

55 

T 

101.6 

12.0 

9.6 

94.6 

.045 

1136 

56 

T 

110.0 

11.5 

9.0 

13.6 

.188 

945 

4.5 

56 

T 

101.6 

11.8 

9.5 

99.6 

.056 

1470 

57 

T 

110.5 

12.0 

9.0 

14.8 

.197 

986 

4.6 

57 

T 

101.6 

11.6 

9.5 

89.6 

.045 

1351 

58 

B 

109.5 

11.5 

9.0 

9.8 

.137 

680 

4.4 

58 

B 

101.6 

11.0 

9.5 

62.2 

.030 

963 

59 

B 

110.0 

11.0 

9.2 

11.3 

.156 

788 

4.4 

59 

B 

101.6 

12.3 

9.5 

72.2 

.057 

953 

60 

B 

109.5 

11.5 

9.1 

11.3 

.143 

767 

4.7 

60 

B 

101.6 

11.4 

9.5 

67.6 

.038 

1056 

61 

BROKEN 

61 

BKJKBi 

Ave.  Sr  -  905  *  86;  Ave.  Sb  -  745  *  57 
Awe.  Bp  -  4.5  *0.1;  Awe.  E&  -  4.5  *0.2 


Ave.  St  -  1319  *169;  Ave.  SB  -  991  *  57 
Ave.  Bp  -  5.0  *0.4;  Ave.  Ife  -  4.5  *1.2 


;v 

SHEET  4  (Cdnt.) 

(SEEDED) 

May  2,  1983  (-19*0  Cantilever 

Parallel  Simple  Support 

BEAM 

L(au) 

w(cm) 

h(cm) 

P(Kg) 

d(an) 

S(kPa)  E(GPa) 

BEAM 

L(cm)  w(cm) 

h(em) 

P(k*) 

d(a») 

S(kPe) 

62  T 

110.5 

11.2 

9.4 

15.1 

993 

62  T 

101.6  11.2 

9.8 

141.9 

.057 

2126 

63  T 

110.0 

11.4 

9.6 

16.7 

.171 

1025 

5.1 

63 

RECORDER  MALFUNCTION 

64  T 

109.5 

11.7 

9.6 

15.1 

.156 

903 

4.8 

64 

n  n 

65  T 

109.5 

11.8 

9.8 

16.6 

.178 

941 

4.3 

65 

it  n 

66  T 

109.5 

11.7 

9.8 

15.1 

.133 

866 

5.3 

66 

M  II 

67  B 

111.0 

11.6 

9.9 

13.6 

.130 

783 

5.0 

67 

68  B 

109.5 

11.3 

10.3 

18.7 

.184 

1005 

4.2 

66  B 

101.6  11.4 

10.4 

69.7 

.022 

912 

69  B 

110.5 

11.5 

10.0 

16.6 

.159 

936 

4.8 

69  B 

101.6  11.5 

10.4 

93.6 

.040 

1191 

70  B 

110.0 

10.7 

10.0 

12.8 

.116 

773 

5.4 

70  T 

101.6  11.2 

10.5 

114.5 

.059 

1449 

Ave.  &j 

«  946  ±  65;  Ave. 

SB  -  874  ±115 

Ave.  9p 

-  1788  ±479;  Ave.  SB  - 

1052  ±197 

Ave.  Bp 

-  4.9  *0.4;  Ave. 

Eb  -  4.9  ±0.5 

Ave.  Bp 

-  5.0  ±1.6;  Ave.  Eb  - 

5.4  ±1 

.1 

May  2,  1983  (-19*0)  Isothermal  Simple  S import 

71  T 

101.6 

11.1 

8.9 

124.4 

.057 

2192 

7.2 

72  T 

101.6 

11.7 

9.0 

171.7 

.075 

2783 

6.9 

73  T 

101.6 

11.3 

9.0 

166.8 

.071 

2799 

7.3 

74  B 

101.6 

11.5 

8.7 

97.1 

.038 

1663 

8.7 

75  B 

101.6 

11.5 

8.7 

97.1 

.048 

1745 

6.9 

76  B 

101.6 

11.5 

8.5 

89.6 

1692 

77  B 

101.6 

11.3 

8.9 

82.1 

.033 

1465 

8.0 

78  T 

101.6 

11.3 

8.7 

139.4 

.041 

2514 

11.8 

Ave.  St 

-  2572  ±285;  Ave. 

■  SB  " 

1641  ±122 

Ave.  Erj 

-  8.3  ±2, 

.3;  Ave. 

,  Eb  » 

7.9  ±0.9 

May  3,  1983  ( -5 “C)  Isothermal  Simple  Support 

BEAM 

L(cm) 

w(an) 

h(cm) 

P(kg) 

d(cm) 

S(kBa)  E(OPa) 

79  T 

101.6 

11.8 

10.6 

219.0 

.097 

2168 

4.1 

80  T 

101.6 

11.9 

10.6 

199.2 

.070 

2247 

5.2 

81  T 

101.6 

11.4 

10.6 

176.7 

.054 

2127 

6.2 

62  T 

101.6 

11.5 

10.6 

194.1 

.056 

2199 

6.6 

83  B 

101.6 

11.2 

10.8 

104.5 

.027 

1129 

7.2 

84  B 

101.6 

12.0 

10.9 

107.0 

1185 

85  B 

101.6 

11.2 

10.8 

129.4 

.033 

1544 

7.1 

86  B 

101.6 

11.1 

10.9 

92.1 

.030 

1107 

5.5 

87  T 

101.6 

10.7 

11.1 

199.1 

.051 

2330 

6.9 

Ave.  St 

-  2214  ±  78;  Ave 

.  SR  - 

1241  ±204 

Ave,  Bp 

-  5.8  ±1 

.1 ;  Ave 

.  Eb  - 

6.6  ±1.0 

May  4,  ■ 

1983  (-1*0)  Isothermal  Simple  Support 

88  T 

101.6 

11.3 

9.2 

104.5 

.049 

1709 

6.2 

89  T 

101.6 

11.0 

9.3 

159.3 

.064 

2576 

7.3 

90  T 

101.6 

11.0 

9.6 

161.8 

*.078 

2456 

5.5 

91 

BKOKEN 

92  B 

101.6 

10.5 

10.0 

77.2 

.021 

1167 

9.2 

93  B 

101.6 

10.9 

10.0 

87.1 

.030 

1269 

5.7 

94  B 

101.6 

10.5 

10.0 

82.1 

.032 

1108 

6.3 

95  T 

101.6 

10.8 

11.0 

117.5 

.027 

1406 

7.8 

96  B 

101.6 

10.1 

11.1 

102.1 

1070 

97  T 

101.6 

10.4 

10.6 

134.4 

.032 

1749 

8.7 

Ave.  St 

-  1979  ±509;  Ave 

.  Sg  - 

1154  ±  87 

Ave.  Bp 

-  7.1  ±1 

.3;  Ave 

•  Eb  - 

7.1  ±1.9 

SHEET  5 
(UNSEEDED) 


i  . 

I  : 


May  18.  1983  (-1*0  Cantilever 


BEAM 

u<a) 

v(<a) 

b(ea) 

P(kg) 

i 

T 

107.5 

11.1 

9.0 

12.8 

2 

T 

108.5 

11.0 

9.2 

15.9 

3 

T 

107.5 

11.2 

9.2 

12.1 

A 

T 

108.0 

10.6 

9.2 

13.6 

5 

T 

106.5 

11.8 

9.2 

18.7 

6 

T 

108.0 

10.8 

9.2 

15.1 

7 

B 

107.0 

11.0 

9.2 

14.4 

8 

B 

95.0 

11.5 

9.6 

14.8 

9 

B 

104.0 

11.0 

9.4 

20.6 

10 

B 

103.5 

10.5 

9.6 

18.5 

Ave 

.  St 

-  997  ±134:  Ave. 

Sn  -  1053  ±227 

Ave 

.  Bp 

-  5.8  ±0 

.8;  Ave. 

Eb  - 

5.6  ±0.4 

Parallel  Staple  Support 


d<«a) 

S(kfta)  E(GPa) 

BEAM 

L(a») 

"<«) 

.121 

897 

6.4 

1 

T 

101.6 

10.6 

.152 

1088 

6.1 

2 

T 

101.6 

11.0 

.111 

807 

6.1 

* 

T 

101.6 

11.2 

964 

4 

T 

101.6 

11.0 

.219 

1174 

4.4 

5 

T 

101.6 

11.0 

.143 

1051 

6.2 

6 

BROKH 

.133 

971 

6.1 

7 

B 

101.6 

11.4 

777 

8 

B 

91.4 

11.0 

.181 

1297 

5.5 

9 

B 

101.6 

11.0 

.162 

1165 

5.3 

|  10  B 

101.6 

11.0 

Ave.  &r  -  1566  ±119; 
Ave.  Bp-  7.7  ±1. 1>t 


h(ca) 

P<k*> 

d(ca) 

S(kPe) 

E(GPe) 

9.2 

87.1 

.033 

1526 

8.1 

9.1 

102.1 

.054 

1618 

5.9 

9.3 

92.1 

.032 

1572 

8.3 

9.5 

89.6 

.032 

1395 

7.7 

9.3 

104.5 

.035 

1717 

8.7 

10.0 

112.0 

.041 

1204  + 

10.1 

104.5 

1321 

10.1 

99.5 

.076 

1394 

3.0 

10.1 

97.1 

1361 

.  Sg  -  1359  ±37 
.  Eg  -  3.0 


May  1C,  1983  (-1*C)  Isothermal  Simple  Support 


11 

B  101 .6 

9.9 

8.5 

107.0 

.070 

2317 

6.4 

».  •! 

12 

B  101.6 

10.6 

8.5 

104.5 

2121 

13 

B  101 .6 

10.5 

8.7 

107.0 

.062 

1676  + 

■* 

14 

T  101 .6 

10.3 

8.5 

89.6 

.040 

1509  + 

* 1 

15 

T  101 .6 

10.3 

8.6 

84.7 

.035 

1691 

9.5 

16 

T  101.6 

10.5 

8.8 

64.7 

.030 

1314 

7.7 

17 

T  101.6 

10.2 

8.8 

72.2 

.038 

1444 

7.0 

18 

B  101.6 

10.4 

8.7 

115.5 

.059 

2272 

7.4 

19 

T  101.6 

10.1 

8.8 

79.7 

.035 

1466 

9.7 

r.  •* 

►  '  •  .** 

Ave 

Sr  -  1479  ±157;  Ave. 

SB  - 

2237  ±103 

4 

4'  ’•  - 

Ave 

Br  -  8.5  ±1 

.3;  Ave, 

Eb  - 

6.9  ±0.7 

+0ff  center  break  exceeding  10cm. 


r. 


A ' 


May  19.  1983  (-5 

*C)  Cantilever 

Parallel  Simple  Support 

BEAM  L(cm) 

w(cm) 

h(an) 

P<k8) 

d(aa) 

S(kPa)  E(GPa) 

BEAM 

L(cm) 

w(ca)  1 

!>(cm) 

P(kg) 

d(cn) 

S(kPa) 

E(GPa) 

21  T  B«*EN 

21  T 

101.6 

10.7 

8.6 

58.7 

.029 

1190 

7.7 

22  T  107.0 

11.1 

8.1 

9.0 

.118 

776 

6.2 

22  T 

101.6 

11.4 

8.4 

73.7 

.037 

1289 

7.7 

23  T  107.5 

11.0 

8.0 

10.2 

.137 

917 

6.5 

23  T 

101.6 

11.5 

8.5 

80.6 

.035 

1532 

8.4 

24  T  106.5 

11.4 

8.1 

12.7 

.175 

1061 

5.7 

24  T 

101.6 

11.3 

8.4 

69.7 

.029 

1388 

9.3 

25  T  108.0 

11.4 

8.0 

10.0 

.140 

872 

6.1 

25  T 

101 .6 

11.3 

8.4 

77.2 

.033 

1529 

8.9 

26  B  107.5 

11.1 

7.8 

12.3 

.191 

1150 

6.0 

26  B 

101.6 

10.9 

8.4 

51.8 

.022 

1089 

9.2 

27  B  107.5 

10.9 

7.7 

13.6 

1332 

27  B 

101.6 

11.0 

8.0 

56.7 

.029 

1090 

9.0 

28  B  102.5 

11.5 

7.9 

18.1 

.222 

1524 

6.1 

28 

B80KEN 

29  B  105.0 

11.6 

7.8 

14.7 

.261 

1282 

4.8 

29  B 

101.6 

11.3 

7.9 

83.6 

.052 

1528 

7.4 

30  B  107.5 

11.1 

7.8 

12.8 

.194 

1195 

6.1 

30  B 

101.6 

11.7 

7.8 

84.6 

.051 

1865 

7.7 

Ave.  St  ■  907  ±119;  Ave. 

SB  -  1297  ±146 

Ave. 

Sp  -  1386  ±150;  Ave 

.  Sg  - 

1393  ±376 

Ave.  Bp  «  6.1  ±0.3;  Ave. 

Eg  -  5.8  ±0.6 

Ave. 

Bp  ■  8.4  ±0.7;  Ave 

.  Eg  - 

8.3  ±0.9 

May 

19. 

1983  (-5 

°C)  Isothermal 

Simple  Support 

31 

a’ 

101.6 

11.5 

10.3 

161.3 

.041 

1974 

8.0 

32 

T 

101.6 

12.0 

10.3 

151.8 

.038 

1551 

7.8 

33 

T 

101.6 

11.3 

10.1 

131.9 

.037 

1778 

8.0 

34 

T 

101.6 

10.9 

10.3 

156.8 

.045 

2093 

7.6 

35 

B 

101.6 

11.5 

10.0 

134.4 

.049 

1816 

6.1 

36 

B 

101.6 

11.3 

10.0 

119.5 

.033 

1478 

8.2 

37 

B 

101.6 

11.4 

10.0 

149.5 

.037 

1930 

9.2 

38 

B 

101.6 

11.9 

10.0 

161.8 

.040 

2060 

8.8 

39 

B 

101.6 

11.1 

10.1 

156.8 

.041 

1974 

8.5 

Ave 

.  Sp 

-  1849  ±237;  Ave. 

SB  - 

1852  ±227 

Ave 

.  Bp 

-  7.9  ±0.2;  Ave. 

Eb  - 

8.2  ±1.2 

SHEET  5  (Oont.) 
(IMSBUD) 


May  20, 

1983  (-19*C)  Cantilever 

Parallel  Staple 

Support 

BEAM 

Was) 

w(a») 

h(cn) 

P(kg) 

d(ca) 

S(kPa)  E(GPa) 

BEAM 

Wea) 

h(o«> 

P(kg)  d(ea) 

S(kPi 

41 

T 

108.0 

11.6 

10.8 

18.5 

.099 

865 

6.3 

41 

T 

101.6 

11.8 

10.9 

144.4 

1602 

42 

T 

106.5 

11.7 

10.5 

18.5 

.083 

895 

7.8 

42 

BROKEN 

43 

T 

105.0 

11.7 

10.4 

27.4 

.181 

1338 

5.2 

43 

T 

101.6 

10.7 

10.4 

122.0 

1641 

44 

T 

106.0 

11.5 

10.4 

8.5 

.064 

426 

4.8 

44 

T 

101.6 

11.6 

10.9 

114.5 

1305 

4S 

T 

106.5 

11.2 

10.5 

23.2 

.149 

1175 

5.7 

45 

T 

101 .6 

10.9 

10.8 

109.5 

1326 

46 

T 

BROKEN 

46 

T 

101.6 

11.4 

10.8 

122.0 

1435 

47 

B 

107.0 

11.0 

10.3 

18.9 

.135 

1019 

5.6 

47 

BR0KBI 

48 

B 

98.0 

10.6 

10.3 

22.2 

.159 

1138 

4.5 

48 

B 

101.6 

11.0 

10.7 

104.5 

1159 

49 

B 

96.5 

11.0 

17.0 

KE9 

WZM 

4.4 

BROOM 

50 

B 

99.0 

10.6 

10.0 

18.9 

.146 

1038 

4.6 

Kij 

B 

91.4 

10.7 

10.1 

112.0 

1381 

51 

B 

106.5 

11.8 

9.9 

18.0 

.137 

973 

5.5 

51 

B 

101.6 

11.8 

10.5 

114.5 

1381 

52 

B 

105.0 

11.0 

10.0 

23.6 

.188 

1327 

5.2 

52 

B 

101.6 

10.6 

10.4 

102.1 

1396 

Ave 

•  St 

-  940  ±348;  Ave. 

SB  -  1062  ±155 

Ave 

.  St 

N 

t 

I 

±155;  ttve.  Sb  - 

1329  ±114 

Ave 

.  B[ 

-  6.0  ±1 

.2;  Ave. 

Eb  - 

5.0  ±0.5 

May  20, 

1883  (-19*0  Isothermal  Staple 

Support 

53 

T 

101.6 

10.8 

10.2 

134.4 

1855 

54 

T 

101.6 

11.1 

9.8 

151.8 

2010 

55 

T 

101.6 

11.4 

9.7 

151.8 

2186 

56 

T 

101.6 

10.9 

10.2 

149.4 

2035 

57 

B 

101.6 

11.2 

9.6 

161.8 

2252 

58 

B 

101.6 

11.6 

10.1 

161.8 

2111 

59 

B 

91.4 

11.4 

10.3 

196.6 

2153 

60 

B 

101.6 

10.9 

10.0 

149.4 

1874 

61 

B 

101.6 

11.5 

10.5 

154.3 

1741 

62 

B 

101.6 

10.9 

10.4 

166.8 

1743 

Ave 

•  St 

-  2022  ±136;  Ave 

.  Sb  ■ 

2026  ±211 

May  23.  1983  (-10*C)  Cantilever 

BEAM  L(an)  w(cm)  h(cm) 

P(kg) 

d(as) 

S(kFa)  E(GPa) 

Parallel  Staple  Support 

BEAM  Was)  v(ca>) 

h(ca) 

P(kg) 

d(oa) 

S(kPa) 

63 

T  107.5 

11.5 

11.0 

21.3 

.124 

966 

5.5 

63  T 

101.6 

10.6 

10.9 

122.0 

.037 

1511 

64 

T  107.0 

11.0 

10.8 

25.1 

.143 

1228 

6.1 

64  T 

101.6 

11.4 

10.5 

82.1 

1043  ■* 

65 

T  107.0 

11.5 

10.8 

24.1 

.137 

1131 

5.8 

65  T 

101.6 

11.7 

10.9 

126.9 

.025 

1428 

66 

T  107.0 

11.3 

10.2 

20.8 

.124 

1113 

6.7 

66  T 

101.6 

11.4 

11.1 

122.0 

.032 

1359 

67 

T  107.5 

11.5 

10.8 

26.0 

.152 

1225 

5.7 

67  T 

101.6 

11.5 

10.9 

144.4 

.043 

1642 

68 

B  106.0 

11.8 

10.5 

24.6 

.149 

1178 

5.6 

68  B 

101.6 

11.5 

10.9 

149.4 

.035 

1616 

69 

B  106.0 

11.8 

10.5 

29.3 

.172 

1404 

5.8 

69  B 

101.6 

11.8 

10.7 

174.2 

.038 

1991 

70 

B  102.5 

11.4 

10.4 

23.6 

.149 

1155 

5.2 

70  B 

101.6 

11.6 

10.7 

151.8 

.033 

1772 

71 

B  101.5 

11.5 

11.4 

27.0 

.178 

1293 

3.7 

71  B 

101.6 

11.4 

10.5 

112.0 

.077 

1214 

72 

B  103.5 

11.0 

10.2 

19.4 

.133 

1031 

5.4 

72  B 

101.6 

11.3 

10.4 

144.4 

.C35 

1831 

Ave 

Ave 

.  &r  -  H33  ±107;  Ave. 

.  Bf  “  6.0  ±0.5;  Ave. 

Sb  - 

eb  - 

1212  ±142 
5.1  ±0.8 

•  • 

II 

-  1485  ±122;  Ave.  Sb  - 

-  6.7  ±1.2;  Ave.  Eg  ■ 

1685  ±295 

8.0  ±0.4 

May  23,  1983  (-10*C)  Isothermal  Staple  Support 


73 

T 

101.6 

11.4 

12.9 

256.4 

2072 

74 

T 

101.6 

11.3 

12.8 

208.4 

1735 

75 

T 

101.6 

11.8 

12.9 

255.7 

1769 

76 

B 

101.6 

10.9 

13.1 

309.4 

2523 

77 

B 

101.6 

11.4 

12.5 

246.2 

1998 

78 

B 

101.6 

11.6 

12.3 

252.5 

2206 

79 

T 

101.6 

11.9 

12.1 

230.4 

2058 

80 

4 

101.6 

11.3 

13.9 

284.1 

2007 

81 

B 

101.6 

11.5 

14.0 

249.4 

1682 

82 

T 

101.6 

11.2 

13,6 

255.7 

1909 

Ave 

.  St 

-  1925  ±146;  Ave. 

SB  - 

2102  ±354 

■Miff  center  break  exceeding  lOcn. 


SHEET  6 

(SQDGD-U6ESXD) 


June  7,  1983  <-5*C)  Cantilever  -  Seeded 

Teet  #1  -  10:  Ho  retulta  because  of  defective  load  cell 


June  7,  1983  (-5*C)  I eo thermal  Staple  Support  -  Seeded 


BEAM 

L(em) 

w(cm) 

b(a») 

P(k*) 

d(a») 

S(k8k)  E(GPa) 

11  T 

91.4 

11.1 

8.2 

112.0 

.065 

1783 

5.3 

12  T 

91.4 

9.6 

8.1 

97.1 

.056 

2130 

6.4 

13  T 

91 .4 

11.7 

8.2 

146.9 

.076 

2577 

5.6 

14  T 

91.4 

9.3 

8.0 

99.6 

.062 

2306 

6.3 

15  T 

91.4 

9.7 

8.2 

99.6 

.059 

2131 

5.9 

16  T 

91.4 

10.2 

7.7 

94.6 

.059 

2174 

6.5 

17  T 

91.4 

10.3 

7.4 

89.6 

.059 

1885 

6.8 

18  B 

91.4 

10.7 

8.0 

62.2 

.035 

1298 

6.1 

19  B 

91.4 

9.5 

8.2 

63.7 

.030 

1393 

7.5 

20  B 

91.4 

10. 2 

8.2 

75.7 

.041 

1551 

6.1 

21  B 

91.4 

11.3 

8.2 

85.6 

.037 

1564 

7.0 

22  B 

91.4 

11.2 

8.0 

77.2 

.043 

1492 

5.9 

23 

BROKEN 

24  B 

91.4 

10.2 

7.8 

89.6 

.041 

1339 

8.5 

25  T 

91.4 

11.7 

8.0 

123.5 

.070 

2285 

5.5 

26 

RECORDER  MALFUNCTION 

27  T 

91.4 

10.6 

7.8 

124.5 

.076 

2687 

6.1 

28  B 

91.4 

12.0 

8.1 

59.7 

.025 

1076 

6.9 

29  T 

81.3 

11.0 

7.9 

117.0 

2120 

Ave.  St  -  2208  ±276;  Ave.  SB  -  1388  ±171 
Awe.  Bj  -  6.0  ±0.5;  Ave.  Eg  -  6.9  ±0.9 


Jute  7, 

1983  (-5* 

C)  Cantilever  - 

Uheecded 

BEAM 

L(oo) 

w(aa) 

h(a») 

P(kg) 

d(a») 

S(kPi) 

E«3Pa) 

30 

T 

DEFECTIVE  UJAD  CELL 

31 

T 

11 

It 

" 

32 

B 

105.5 

11.2 

9.9 

15.5 

.118 

877 

5.6 

33 

B 

106.0 

11.6 

10.0 

19.4 

.143 

1031 

5.6 

34 

Bn 

99.5 

13.1 

10.2 

30.3 

.178 

1299 

4.7 

35 

Bn 

91.0 

11.7 

10.4 

27.4 

.178 

1159 

3.5 

36 

Ba 

101.5 

14.0 

10.4 

34.5 

.207 

1360 

4.4 

37 

Be 

99.0 

10.9 

10.5 

22.7 

.149 

1099 

4.6 

38 

T 

96.5 

12.6 

10.5 

DEFECTIVE  LOAD  CELL 

39 

T 

100.5 

12.2 

10.3 

11 

II 

II 

40 

T 

103.0 

12.7 

10.2 

II 

•1 

II 

41 

T 

99.0 

13.0 

10.4 

11 

II 

II 

42 

T 

102.0 

13.4 

10.2 

II 

II 

II 

43 

T 

94.0 

10.0 

10.3 

It 

II 

II 

Jim  8.  1983  (-5*C)  Isothermal  Simple  Support  -  Uhe ceded 


BEAM 

L(cn) 

w(cn) 

h(ca) 

P(k8) 

d(a») 

S(kPe)  E(GPe) 

44 

B 

45 

B 

91.4 

12.1 

11.1 

171.7 

.027 

1598 

7.2 

46 

B 

91.4 

12.5 

10.7 

248.9 

.038 

2367 

8.0 

47 

B 

91.4 

8.7 

10.7 

126.9 

.028 

1749 

9.7 

48 

B 

91.4 

12.0 

10.8 

201.6 

.035 

1734 

7.1 

49 

B 

91.4 

9.4 

10.6 

141.9 

.032 

1841 

7.5 

50 

T 

9.. 4 

12.0 

10.8 

186.7 

.032 

1855 

6.7 

51 

T 

91.4 

9.3 

10.7 

144.4 

.033 

1601 

7.1 

52 

T 

91.4 

12.7 

10.7 

149.3 

.025 

1433 

7.1 

S3 

T 

91.4 

9.3 

10.5 

164.3 

.040 

2135 

7.2 

54 

T 

91.4 

10.5 

10.5 

161  .a 

.033 

1933 

7.5 

55 

T 

91.4 

9.4 

11.2 

149.3 

1752 

56 

B 

91.4 

10.9 

11.1 

206.6 

.048 

2099 

5.4 

57 

B 

91.4 

9.2 

11.0 

179.2 

.035 

2214 

7.8 

58 

B 

91.4 

12.7 

11.1 

241.4 

.041 

2019 

6.3 

59 

B 

91.4 

9.0 

11.0 

164.3 

.037 

2078 

7.0 

60 

T 

91.4 

11.5 

10.8 

206.6 

2124 

61 

T 

91.4 

9.3 

10.7 

161.8 

.049 

2032 

5.4 

62 

BROKEN 

63 

T 

91.4 

11.3 

10.5 

159.3 

.030 

1772 

7.5 

64 

T 

91.4 

11.7 

10.5 

159.3 

.035 

1713 

6.3 

65 

T 

101.6 

11.4 

10.1 

122.0 

.033 

1620 

8.0 

66 

B 

101.6 

11.4 

10.0 

191.7 

.061 

2581 

7.1 

Ave 

.  St 

-  1815  ±225;  Ave. 

Sg  - 

2028  ±307 

Ave 

.  Br 

•  7.0  ±0.8;  Ave. 

Eb- 

7.3  ±1.1 

June  9,  1983  (-5 *C)  Cantilever  -  Uhseeded 


BEAM 

L(cn) 

w(aa) 

h(cn) 

P(kg) 

d(cm) 

S(kPa) 

E(GPe) 

67 

He 

105.0 

13.5 

11.8 

33.4 

.143 

1096 

4.8 

68 

Da 

98.5 

13.6 

11.5 

39.1 

.159 

1258 

4.6 

69 

Be 

99.0 

13.8 

11.4 

35.8 

1165 

70 

Bn 

91.0 

11.7 

11.0 

34.3 

.197 

1309 

3.3 

71 

Bm 

107.0 

13.0 

10.5 

29.3 

.184 

1287 

5.1 

72 

Bn 

96.5 

10.7 

10.4 

24.3 

.172 

1198 

4.2 

73 

Da 

106.0 

10.9 

10.4 

21.5 

.152 

1145 

5.4 

74 

T 

106.0 

11.3 

10.2 

16.7 

.127 

885 

5.1 

75 

T 

98.0 

12.1 

9.9 

17.6 

.140 

857 

4.0 

Modified 

-  Ave. 

&r  - 

1166  ±  83; 

Ave. 

SB  -  1240  ±  69 

Ave. 

Ef  « 

4.9  ±0.4; 

Ave. 

Eb  -  4. 

2  ±0.9 

Unoodlfled  -  Ave.  St  -  871  t  20 
Ave.  -  4.6  ±0.8 


Modified  -  Ave.  SB  -  1229  ±121 
Ave.  Eg  -  4.3  ±0.5 

Uiaodlfled  -  Ave.  SB  -  954  ±109 
Ave.  -  5.6 


m  -  modified,  5  cm.  radii  at  butt  end 


m  -  modified,  10  cm.  radii  at  butt  end 


July  11,  1983  (-5*0  Cantilever 


SHEET  7 
(SEEDS)) 


July  14,  1983  (-10*C)  Isothermal  Simple  Support 


BEAM 

L(a») 

w(cn) 

h(a») 

P(kg)  d(a») 

S(kP»)  E(GPa) 

BEAM 

L(o») 

**<<*•) 

h(aa) 

P(k*> 

d(c») 

S(kFe) 

E(QP4) 

1 

fl# 

113.0 

13.3 

9.6 

27.2 

1475 

2 

Tta 

120.0 

15.0 

9.6 

18.0 

919 

39 

T 

101.6 

12.4 

8.5 

179.2 

.090 

3069 

6.7 

3 

fln 

118.5 

15.0 

9.6 

22.7 

1144 

40 

T 

101.6 

12.5 

8.5 

119.5 

.058 

2058 

6.9 

4 

fln 

117.0 

14.0 

9.6 

25.1 

1338 

41 

T 

101.6 

11.3 

9.0 

139.4 

.067 

2352 

6.5 

5 

fln 

118.0 

14.0 

9.6 

20.8 

1119 

42 

T 

101.6 

11.2 

9.2 

149.3 

.070 

2428 

6.6 

6 

fln 

118.0 

14.0 

9.6 

23.6 

1269 

43 

B 

101.6 

10.7 

8.3 

74.7 

1597 

7 

fln 

118.0 

15.0 

9.6 

26.0 

1311 

44 

T 

101.6 

11,0 

8.5 

119.5 

.080 

2328 

5.7 

8 

T 

107.0 

11.0 

8.4 

9.5 

770 

45 

B 

101.6 

11.5 

8.6 

72.2 

.045 

1349 

5.6 

9 

T 

107.5 

11.4 

8.4 

9.0 

707 

46 

B 

101.6 

11.2 

8.8 

94.6 

.048 

1708 

6.6 

10  T 

108.5 

9.8 

8.5 

13.7 

1234 

47 

B 

101.6 

11.1 

8.9 

82.1 

.038 

1473 

7.1 

11 

o 

107.5 

11.2 

8.7 

9.9 

738 

48 

B 

101.6 

10.8 

8.6 

84.6 

.048 

1663 

6.6 

12 

B 

108.0 

10.7 

8.8 

10.9 

835 

49 

B 

101.6 

10.5 

8.6 

89.6 

.048 

1804 

7.2 

13 

B 

108.0 

11.3 

9.0 

11.8 

819 

50 

T 

101.6 

11.5 

8.4 

124.4 

2373 

14 

B 

108.0 

11.0 

9.1 

12.3 

857 

51 

T 

101.6 

11.4 

8.2 

122.0 

.074 

2462 

6.7 

15 

ftn 

111.0 

14.0 

9.2 

18.9 

1041 

52 

T 

101.6 

10.6 

8.0 

92.1 

.048 

2115 

9.1 

16 

Bn 

106.5 

11.4 

9.2 

10.9 

707 

53 

T 

101.6 

12.9 

9.2 

159.3 

.064 

2255 

6.4 

17 

Bn 

108.5 

12.7 

9.2 

16.5 

979 

54 

T 

101.6 

10.7 

9.3 

107.1 

.051 

1803 

6.3 

18 

Bra 

107.0 

11.3 

8.8 

13.7 

985 

55 

B 

101.6 

12.2 

9.2 

94.6 

.038 

1444 

6.7 

19 

fim 

112.0 

14.3 

8.3 

10.4 

695 

56 

B 

101.6 

10.4 

9.0 

84.6 

.038 

1577 

7.6 

20 

Bn 

111.0 

13.9 

8.3 

15.1 

1029 

57 

B 

101.6 

11.8 

8.5 

87.1 

.038 

1608 

8.1 

21 

Bm 

108.0 

11.6 

8.5 

9.9 

750 

58 

B 

101.6 

11.1 

8.9 

94.6 

.042 

1685 

7.4 

22 

fra 

101.0 

11.5 

8.7 

11.3 

771 

59 

T 

91.4 

11.5 

8.8 

149.3 

.046 

2316 

7.8 

23 

Bm 

110.0 

12.9 

8.5 

12.3 

854 

60 

B 

71.1 

11.7 

8.4 

129.4 

.027 

1679 

6.1 

24 

'fln 

109.5 

11.7 

8.5 

16.1 

1226 

61 

T 

71.1 

11.5 

8.7 

196.6 

.038 

2400 

6.0 

25 

fln 

105.5 

13.0 

8.2 

14.2 

1008 

26  fln 

103.0 

12.0 

8.0 

17.0 

1341 

Ave 

.  Sr 

-  2329  ±299;  Ave. 

Sg  - 

1598  ±132 

27  Dn 

28  Dn 

107.0 

109.5 

12.4 

12.2 

8.0 

7.8 

14.2 

12.8 

1126 

1116 

Ave 

.  Br 

m  6*8  ±0,9;  Ava • 

Eb  - 

6.9  ±0.7 

Modified  -  Ave.  Sr  “  1199  ±157 
Ave.  Sb  -  868  ±142 

Umodlfied  -  Ave.  S?  -  904  ±288 
Ave.  SB  -  812  ±  52 

m  *  modified,  lOon.  radii  at  butt  end 


July  12,  1983  (-5*C)  Isothermal  Simple  Si^iport 


BEAM 

L(an) 

w(a») 

h(aa) 

P(kg) 

d(as) 

S(kPa)  E(GPa) 

29 

B 

101.6 

12.7 

9.6 

109.5 

.042 

1470 

6.0 

30 

B 

101.6 

11.5 

9.6 

117.0 

.045 

1721 

6.6 

31 

B 

101.6 

12.6 

10.0 

117.0 

.045 

1456 

5.3 

32 

T 

101.6 

10.5 

9.6 

171.7 

2298 

33 

T 

101.6 

11.7 

10.0 

99.6 

.035 

1341 

6.3 

34 

T 

101.6 

12.? 

10.0 

164.3 

.056 

2081 

6.2 

35 

T 

101.6 

>' 

9.9 

243.9 

.080 

2725 

5.8 

36 

T 

91.4 

<  . 

9.3 

176.7 

.053 

2367 

6.5 

37 

T 

81.3 

1 1.5 

9.6 

221.5 

2571 

38 

T 

81.3 

11.9 

10.1 

189.2 

1906 

Ave.  Sx  -  2184  ±463;  Ave.  SB  -  1549  ±149 
Ave.  Ex  »  6.2  ±0.3;  Ave.  Eg  -  6.0  ±0.7 


42 


i. _  k j  . -<  V  1 .  ' 


SHEET  8 
(SEEDED) 


Novnber  7,  1983  ( *1  *C)  Centllever 


BEid* 

L(a») 

w(a») 

h(a») 

P(kg) 

d(en) 

S(kPa) 

E(GPa) 

1  T 

105.0 

9.4 

10.4 

10.1 

.092 

612 

4.7 

2  T 

105.5 

10.1 

10.4 

12.7 

.102 

723 

5.0 

3  T 

106.0 

10.6 

10.5 

13.5 

.102 

720 

5.0 

4  T 

106.0 

10.1 

10.5 

12.3 

.102 

690 

4.8 

5  B 

105.5 

10.6 

10.5 

12.6 

.099 

666 

5.0 

6  B 

104.5 

10.1 

10.6 

14.4 

.122 

782 

4.4 

7  B 

104.5 

10.1 

10.8 

16.3 

.137 

852 

4.2 

8  B 

104.5 

10.2 

10.6 

12.4 

.099 

663 

4.6 

9  B 

105.0 

10.2 

10.8 

15.6 

.127 

810 

4.3 

10 

BROKEN 

11  Bn 

105.0 

10.5 

10.5 

18.1 

.111 

965 

3.5 

12  Bn 

111.0 

14.0 

10.5 

12.4 

523 

13  Bn 

100.0 

11.5 

10.4 

20.4 

.218 

966 

2.8 

14  Bn 

110.0 

13.3 

10.1 

19.1 

.226 

905 

3.2 

15 

110.0 

12.6 

10.0 

13.3 

684 

16  m 

105.0 

11.5 

9.9 

18.1 

.229 

988 

3.2 

17  m 

105.0 

10.1 

9.6 

13.8 

.213 

913 

3.3 

18  n» 

105.0 

12.5 

9.3 

13.5 

.203 

771 

3.0 

19  Tta 

105.0 

11.7 

9.2 

13.7 

.196 

853 

3.5 

20  Be 

106.0 

10.8 

9.0 

13.8 

.232 

981 

3.5 

21  Bn 

113.0 

15.5 

8.4 

13.7 

.248 

833 

3.4 

Unmodified  -  Ave. 

Sr  -  686 

*  52; 

Ave.  Sg 

-  754  *  86 

Ave. 

Bj  -  4.9  *0.2; 

Ave.  Eg 

-  4.5  *0.3 

Modified 

-  Ave. 

Sr  -  881 

*  92; 

Ave.  SB 

-  836  *173 

Ave. 

Bt  -  3.2  *0.3; 

Ave.  Eg 

-  3.3  *0.2 

m  “  modified,  lOcn.  radii  ac  butt  end 


November  8,  1983  (-1 *C)  Isothermal  Simple  Support 


BEAM 

L(on) 

w(an) 

h(cn) 

P(kg) 

d(cn) 

S(kPn) 

E(GPn) 

1 

T 

101.6 

10.5 

10.5 

126.9 

1624 

2 

T 

101.6 

10.0 

10.7 

124.5 

.032 

1305 

8.2 

3 

BROKEN 

4 

B 

101.6 

10.0 

10.4 

72.2 

.024 

1034 

6.9 

5 

B 

101.6 

10.7 

10.5 

67.2 

917 

6 

B 

101.6 

9.9 

10.5 

66.7 

.034 

979 

4.4 

7 

BROKEN 

8 

T 

101.6 

9.8 

10.7 

149.4 

.064 

2053 

5.0 

9 

T 

101.6 

10.2 

10.7 

156.8 

1657 

10 

BROKEN 

11 

BROKEN 

12 

B 

101.6 

10.6 

10.5 

82.1 

.025 

1075 

6.9 

13 

B 

91.4 

11.4 

10.2 

77.2 

.024 

930 

14 

T 

101.6 

11.2 

10.1 

109,5 

.041 

1501 

6.0 

15 

T 

101.6 

11.5 

10.0 

102.1 

.041 

1395 

5.6 

16 

B 

101.6 

11.6 

9  9 

74.7 

.025 

1055 

6.8 

17 

B 

101.6 

10.5 

9.7 

59.7 

.022 

969 

7.3 

18 

T 

101.6 

11.2 

9.6 

94.6 

.024 

1442 

10.2 

19 

T 

101.6 

11.2 

9.3 

99.5 

.051 

1610 

5.6 

20 

B 

101.6 

10.8 

9.2 

69.7 

.027 

1214 

7.9 

21 

B 

101.6 

11.1 

8.5 

69.7 

.035 

1316 

7.5 

Ave 

.  sx 

-  1573  *229;  Ave, 

SB  - 

1054  *133 

Ave 

.  Br 

-  6.8  *2.0;  Ave. 

Eb  - 

6.8  *1.1 

Novober  8,  1983  (-1  *C)  Cantilever 


BEAM 

L(cn) 

%*(<■) 

h(a») 

P(Vg> 

d(a») 

S(kFh)  E(GPn) 

A 

T 

104.5 

10.4 

8.0 

7.3 

.102 

669 

6.0 

B 

T 

104.0 

10.2 

8.0 

7.3 

.114 

641 

5.4 

C 

T 

104.0 

9.4 

8.0 

7.3 

.117 

736 

5.7 

D 

T 

103.5 

10.4 

8.1 

8.4 

.127 

747 

5.2 

E 

T 

105.0 

10.1 

8.2 

8.4 

.127 

761 

5.4 

F 

B 

104.5 

10.2 

8.3 

7.8 

.120 

685 

5.0 

Q 

B 

105.5 

10.4 

8.6 

8.4 

.124 

675 

4.7 

H 

B 

105.0 

10.1 

8.7 

8.8 

.124 

709 

4.8 

1 

B 

105.0 

10.0 

8.9 

11.4 

.152 

891 

4.8 

J 

B 

106.0 

10.3 

8.9 

9.9 

.143 

756 

4.5 

K 

Bn 

92.0 

10.4 

9.3 

15.5 

.225 

931 

2.5 

L 

Bn 

106.0 

11.1 

9.0 

14.8 

.210 

1023 

4.1 

M 

Bn 

109.5 

13.5 

8.9 

12.9 

.203 

775 

3.4 

N 

Bn 

104.5 

12.6 

8.5 

13.4 

.213 

902 

3.6 

0 

Hi 

106.0 

11.2 

8.4 

13.9 

.264 

1097 

3.7 

P 

Th 

112.0 

14.0 

8.3 

13.9 

.251 

950 

3.8 

Q 

Tn 

110.0 

11.8 

8.3 

11.1 

.210 

881 

4.1 

R 

Th 

109.5 

12.8 

8.1 

11.1 

.254 

1038 

3.3 

S 

Hi 

111.0 

13.5 

8.1 

14.3 

.279 

1054 

3.8 

T 

Th 

111.0 

13.6 

8.0 

13.7 

.260 

1029 

4.1 

U 

BROKEN 

V 

BROKEN 

w 

Th 

107.5 

11.7 

7.2 

22.0 

1032 

Unmodified  -  Ave. 

Sr  - 

711  *  53; 

Ave.  SB  -  743  *  88 

Ave. 

»r  - 

5.5  *0.3; 

Ave.  1 

%  -  4.8  *0.2 

Modified 

-  Ave. 

Sr  - 

1012  *  72: 

;  Ave. 

Sg  -  908  *102 

Ave. 

Bj  - 

3.8  *0.3; 

;  Ave. 

^  -  3.4  *0.7 

m  -  Modified,  10cm  radii  at  butt  end 


November  9,  1983  (-1*C)  Isothermal  Simple  Support 


BEAM 

L(a») 

w(a») 

h(<m) 

P(k«) 

d(cn) 

S(kPn)  E(GPn) 

A 

T 

101.6 

9.8 

8.1 

52.3 

.035 

1253 

7.4 

B 

T 

101.6 

9.9 

8.0 

58.7 

.038 

1458 

7.8 

C 

T 

101.6 

9.8 

8.0 

61.7 

.048 

1557 

6.6 

D 

T 

101.6 

10.2 

8.1 

60.8 

.044 

1415 

6.6 

E 

T 

101.6 

10.2 

8.3 

66.7 

.038 

1501 

7.7 

F 

B 

101 .6 

9.9 

8.5 

42.8 

.030 

976 

6.0 

G 

B 

101.6 

10.3 

8.8 

62.7 

.032 

1254 

7.2 

H 

B 

101.6 

9.7 

9.0 

51.8 

.025 

1061 

7.5 

I 

B 

101.6 

9.7 

9.1 

49.8 

.025 

1002 

7.0 

J 

B 

101.6 

10.3 

9.1 

52.8 

1001 

K 

B 

91.4 

10.1 

9.6 

67.2 

1029  + 

L 

BROKEN 

M 

B 

101.6 

10.3 

9.5 

64.7 

.027 

1113 

7.0 

N 

B 

101 .6 

11.9 

8.8 

66.7 

.029 

1160 

7.3 

0 

T 

101.6 

10.5 

8.8 

69.7 

.029 

1321 

8.6 

P 

T 

101.6 

10.2 

8.9 

69.7 

.049 

1367 

5.1 

Q 

T 

101.6 

10.4 

8.9 

74.7 

.045 

1432 

5.8 

R 

T 

101.6 

10.6 

8.6 

67.7 

.048 

1243 

5.4 

S 

BROKEN 

T 

BROKEN 

U 

B 

101.6 

11.3 

8.4 

51.8 

.025 

1053 

8.3 

V 

B 

101.6 

10.6 

8.2 

47.8 

.029 

1087 

7.3 

W 

B 

101.6 

9.6 

7.5 

39.8 

.035 

1195 

7.2 

Ave.  Sj  -  1394  *108;  Ave.  SB  -  1090  *  91 
Ave .  Ex  -  6.8  *1.2;  Ave.  Efe  -  7.2  40.6 

+  Off  center  break  exceeding  10as. 
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